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ABSTRACTS
Chapter 1
Study of Chiral Arylimido Molybdenum ROMP Catalysts. Molybdenum ROMP
catalysts with a chiral ortho-(phenethyl)phenylimido ligand have been prepared.
Mo(CHCMe2Ph)(N-2-C 6H4-CHMePh)(O-2,6-C 6H3-Ph2)2 (1la) and Mo(CHMe 2Ph)(N-
2-C6H4-CHMePh)[BIPHENO(Me) 2(t-Bu) 4] (11b) were isolated and shown to effect thepolymerization of 2,3-dicarbomethoxynorbonadienes. Highly-trans syndiotactic polymers
and highly-cis isotactic polymers were isolated when Ila and lib were used as initiators,
respectively. Surprisingly, Mo(CHCMe2Ph)(N-2-C 6H4-Me)(O-2,6-C 6H3-Ph2)2 (12)
which bears a less bulky phenylimido substituent generated high-cis polymers with good
tacticity depending on the monomer reactivity. This dramatic effect of the ortho-
substituent is explained in terms of rate of rotamer isomerization and rehybridization of
the nitrogen atom. Consequences on the role of chiral arylimido in the control over
polymer tacticity are discussed. Attempts to isolate chiral catalysts with the previously
studied tert-butoxido ligands only led to decomposition products.
Chapter 2
Study of Chiral Alkylimido Molybdenum ROMP Catalysts. Molybdenum ring-opening
metathesis polymerization catalysts with chiral alkylimido ligands have been prepared.
Primary amines with a secondary a -carbon atom, such as a -methylbenzylamine(PhCHMeNH 2) do not give isolable products. tert-Alkylamines were prepared by
reduction of the corresponding azides. a,a-Isopropyl-methyl-benzylamine (R*NH2 =MePh-i-PrNH 2, Ic) was used in further reactions to give a series of chiral alkylidene
complexes Mo(CHCMe2Ph)(NR*)(OR) 2 (5) (where OR = OCMe 3, OCMe2CF 3,OCMe(CF3)2, O-2,6-C6H 3-Me2 , O-2,6-C 6H 3-Ph2). Nucleophilic attacks on
Mo(CHCMe2Ph)(NR*)(OTf) 2 (DME) (4) and ligand substitutions on
Mo(CHCMe2Ph)(NR*)(OCMe(CF 3)2)2 (5c) led to the proposal of two mechanisms that
might be involved in the synthesis of molybdenum alkylidene ROMP initiators, based on
the observation of the alkylidyne amido complex Mo(CCMe 2Ph)(NHR*)(OR) 2 (6)(where OR = OCMe3, OCMe(CF 3)2). Poly(2,3-dicarbomethoxynorbomrnadiene) and
poly(2,3-bis((trifluoromethyl)norbomadiene) showed a bias towards trans double bonds.
Further tacticity study using 5b suggested that the stereoregularity of the polymers was
controlled by chain-end of the growing polymer, rather than by the chiral tert-alkylimido
ligand. Implications for the role of chiral alkylimido in the control of polymer tacticity
are discussed.
Chapter 3
Study of Chiral Biphenoxido Molybdenum ROMP Catalysts. A ligand variation which
assures a "locked" configuration of BIPHENO-based molybdenum ROMP catalysts is
described. Three complexes were prepared and their activity toward norbornadiene
monomers examined. Mo(CHCMe 2Ph)(N-2,6-C 6H3-Me2)[BIPHENO(Me)2(t-Bu)4] (5)
and Mo(CHCMe2Ph)(N-2-C 6H4-CHMePh)[BIPHENO(Me) 2(t-Bu) 4] (6) both gave high-
cis highly-isotactic polymers by enantiomorphic metal-site control. On the other hand,
polymers with little double bond stereoselectivity were isolated from
Mo(CHCMe 2Ph)(N-2-C6H 4-t-Bu)[BIPHENO(Me) 2(t-Bu) 4] (7). Complexes 5-7 were all
isolated in the absence of coordinating bases. BIPHENO- and BINO-based complexes are
compared and their efficiency at generating stereoregular polymers is further discussed.
Chapter 4
Investigation of Copper Nanoclusters Prepared within Microphase-Separated
ROMP Diblock Copolymer Films. Attempts to prepare copper nanoclusters within
microphase-separated ROMP diblock copolymers are described. Three metal-organic
chemical vapor deposition (MOCVD) systems are presented and were used in the study.
Phosphine(CuCp) (1) and phosphine(Cu(hfac)) (2) (hfac = hexafluoroacetylacetonato)
were first investigated as precursors to elemental copper. Spherical microdomains were
obtained by blending with methyltetradodecene homopolymer ([MTD]m) to achieve 10%
w/w of the Cu-containing block. The polymers were dissolved in benzene. Good quality
films were cast by transferring the solvent under vacuum, and well-behaved microphase
separation was observed by transmission electron microscopy (TEM). However,
pyrolysis of the films did not result in aggregation to clusters, as judged by TEM,
probably due to passivation of the surface by the phosphine atoms. A third attempt using
alkyne(Cu)(hfac) (3), where no Lewis base is present, did not give satisfactory results
owing to coordination of the Cu(hfac) moiety to alkenes.
Chapter 5
Synthesis of Electroluminescence-Active Species. The synthesis of norbornene-type
monomers with pendent electroluminescence-active moieties is presented. Two
oxadiazole monomers (4, 10) were prepared and subjected to ring-opening metathesis
polymerization (ROMP) using Mo(CHCMe2Ph)(N-2,6-C 6H3-i-Pr 2)(O-t-Bu)2 to give
polymers with a narrow molecular weight distribution (Mw/Mn < 1.12). In addition to the
monomers functionalized with the oxadiazole moiety as electron-transport material,
phenanthrene-based monomers (13, 16endo, and 18) were prepared. ROMP of 13 using
Mo(CHCMe 2Ph)(N-2,6-C 6H3-i-Pr 2)(0-t-Bu)2 gave a well-behaved polymer with MwlMn
= 1.25. However, attempts to polymerize 16endo with Mo(CHCMe 2Ph)(N-2,6-C 6H3-i-Pr2)(O-t-Bu) 2 or the more reactive Mo(CHCMe 2Ph)(N-2,6-C 6H3-Me2)(OCMe(CF 3)2)gave poor results. The synthesis of the pure exo homologue 18 was not successful. Some
preliminary work toward para-terphenyl monomers is also described. The charge-block
principle is introduced and discussed in context of the monomer choices.
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Study of Chiral Molybdenum
Ring-Opening Metathesis
Polymerization Catalysts
PART I
GENERAL INTRODUCTION
Complexes of the type Mo(CHR)(NAr)(OR')2 (R = t-Bu, CMe2Ph; R' = O-t-Bu; NAr =
N-2,6-C 6H3-i-Pr 2) (1), reported by our group in 1987,1,2 have been shown to effect living
ring-opening metathesis polymerization (ROMP) of norbornenes and norbornadienes. 3,4
2,3-Disubstituted norbornadienes such as 2,3-bis(trifluoromethyl)norbornadiene
(NBDF6), 2,3-dicarbomethoxynorbornadiene (DCMNBD) and 2,3-bis(((-)-
menthyloxy)carbonyl)norbornadiene (DCM*NBD) (Fig. 1) are convenient monomers for
detailed studies of polymerization behavior of the initiators because of the limited
number of polymer structures possible. The four regular structures from the
polymerization of these symmetrically-disubstituted norbornadienes are illustrated below
(Fig. 2).
7 i-Pr
CF 3  CO O 2
2 CF3•• CO2Me CO 2NBDF6 DCMNBD DCM*NBD C.2
i-Pr 11111
Figure 1. 2,3-Disubstituted Norbornadienes Used in the Studies of Tacticity.
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(a)
(b)
(c)
(d)
Figure 2. The Four Possible Regular Structures of 2,3-Disubstituted Norbornadienes
((a) cis isotactic, (b) cis syndiotactic, (c) trans syndiotactic, and (d) trans
isotactic).
Recent work suggests that the exo side of the monomer approaches the alkylidene CNO
face, with C(7) extending over the arylimido ring (Scheme I).5 ,6 Unlike classical
metathesis catalysts that rarely generate stereoregular ROMP polymers,7 complex 1 has
been shown to produce highly tactic all-trans poly(2,3-bis(trifluoromethyl)norbornadiene)
(poly(NBDF6)) when OR' = O-t-Bu (in toluene or THF)8 and all-cis poly(NBDF6) with a
tactic bias of ca. 74% when OR' = OCMe(CF3)2 (in THF).9
The physical properties of polymers are dictated by their structure.8 For example, the
high-cis tactic poly(5,5-dimethylnorbornene) reported by Barnes et al. showed a
significantly higher glass transition temperature, Tg (106.3 "C) than the atactic polymer
(47.5 C). 10 In addition to allowing the living polymerization of monomers with pendant
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functionalities, the ideal catalyst must generate highly stereoregular polymers with
controlled molecular weights and with a low polydispersity index (Mw/Mn).
Scheme I. Mechanism for
Norbornadienes.
the Ring-Opening Metathesis Polymerization of
ArN Z
Mo= CHR
OR'ax
PhCHO
R
[Mo]
[Mo] X
[Mo] R
n-1
A theory as to how the cis and trans selectivity arises resulted from a series of low-
temperature NMR studies. 5,11 The stereochemistry about the double bonds formed upon
ring-opening metathesis polymerization is regulated by the nature of the active rotamer,
either syn (giving cis double bonds) or anti (trans).11 The relative reactivity of the two
rotamers depends on the electronic and steric nature of the "ancillary" ligands, as well as
on the temperature during polymerization. 11,12 On the other hand, tacticity is governed by
Part /I
whether the monomer approaches the active site always from the same CNO face (giving
isotactic polymers), whether it alternates regularly between CNO faces after each
monomer addition (syndiotactic), or whether it approaches the alkylidene functionality in
no predictable manner (atactic). A spectroscopic method to determine the absolute
tacticity of polymers was recently developed by this group.13
By promoting approach of the monomer to one specific CNO face, a catalyst with ligand-
based chirality favors formation of isotactic polymers, independent of the configuration
of the main-chain double bonds. On the other hand, in a chain-end controlled
polymerization for which the chirality arises from the P3 carbon of the alkylidene in the
growing chain, the monomer approach is unpredictable and may therefore give either
syndio-, iso- or more commonly atactic polymers. If selectivity due to enantiomorphic
site control dominates over selectivity due to polymer chain chirality, the catalyst can be
self-correcting, and errors in monomer addition will not propagate as the polymer chain
grows. Enantiomorphic site control can potentially result in improved diastereoselectivity
with a wider range of monomers than is currently possible using polymer chain-end
control.
We have recently prepared a series of molybdenum ROMP initiators with C2-symmetric
chiral alkoxido and aryloxido ligands that yield highly (>99%) tactic polymers with more
than 99% cis double bonds.13-15 The effect of chiral imido ligands on ROMP has
however not been thoroughly examined. Part I of this thesis summarizes the work
directed toward control of polymer stereoregularity. Molybdenum alkylidene complexes
with chiral arylimido and chiral alkylimido ligands are described in Chapter 1 and
Chapter 2, respectively. A variation on a well-behaved ROMP initiator bearing a chiral
biphenoxido ligand is also reported in Chapter 3.
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CHAPTER 1
Study of Chiral Arylimido
Molvbdenum ROMP Catalysts
INTRODUCTION
As mentioned in the General Introduction of Part I, polymers with regular structures can
be prepared by ring-opening metathesis polymerization of symmetrically 2,3-
disubstituted norbornadienes using complexes of the type Mo(CHR)(NR')(OR") 2 (4).
Much effort in the past has been focused on the effect of chiral oxido ligands on the
tacticity of ROMP polymers. 1,2 The reaction sequence for the synthesis of 4 justified the
choice of the oxido ligand, over the imido counterpart, for initial tacticity studies
(Scheme I): formation of complex 3 translates in the release of one equivalent of the
amine salt, which means that half of the amine used in the preparation of 1 is lost on the
way to the final catalyst 4. Although the possibility to recover the amine salt exists, such
procedures may be tedious. In addition, a large pool of chiral alcohols can be readily
surveyed by simply exchanging the bis(triflato) ligands of complex 3 with the
corresponding chiral oxido ligands. Fine tuning of the achiral imido ligand on the initiator
that has given the best results in the preliminary studies may then be performed. This
approach led to the well-defined BINO catalyst 4a (Fig. 1) that produces high cis isotactic
poly(norbomadienes).1"3
Ph *THF
e2Ph
Figure 1. Highly Stereoselective BINO Molybdenum ROMP Catalyst.
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Scheme I. Synthetic Route Used to Prepare Molybdenum ROMP Initiators (DME = 1,2-
Dimethoxyethane; OTf = OS0 2CF3; M = Li, K).4,5
1/ 2 R'NH2, NEt3 (xs) Mo(R,)2(C1)2(DME)
2(NH4)2Mo20 7  Me3SiC1 (xs), DME (xs)
2 RCH 2MgCl
Mo(CHR)(NR')(OTf) 2(DME) DME Mo(CH 2R)2(NR')2
3 2
2 R"OM RNH 3OTf 3 TfOH
Mo(CHR)(NR')(OR") 2
4
In addition to allowing control over polymer tacticity, the chiral catalyst must selectively
generate a single configuration for the double bonds that are formed upon ring opening of
the norbornadienes. A recent study has shown that the electronic nature of the alkoxido
ligands has a dramatic effect on the cis or trans content of the polymers.6 For instance,
complex 4b (R = CMe2Ph, NR' = N-2,6-C 6H3-i-Pr2, and OR" = ORFp = OCMe3) gives
high-trans (97%) double bonds, in contrast to high-cis (98%) double bonds when 4c
(R = CMe2Ph, NR' = N-2,6-C 6H3-i-Pr2, and OR" = ORF6 = OCMe(CF 3)2 ) is used to
effect ROMP of 2,3-bis(trifluoromethyl)norbornadiene (NBDF6).6,7 Such an electronic
influence of the "ancillary" imido ligand on cis and trans content has not yet been
reported.
An initiator with chirality on the imido ligand therefore has a distinct advantage over the
chiral oxido counterpart. Once a suitable chiral NAr* ligand is found to impart isotacticity
in polymers, obtaining a polymer with cis versus trans double bonds is then a simple
matter of selecting the appropriate alkoxide. Complex of the type 4 (R = CMe 2Ph,
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OR" = ORFO, and NR' = chiral imido) might, for example, generate high-trans isotactic
polymers, whereas substitution of the same chiral imido initiator with OR" = ORF6 might
produce the high-cis isotactic homologue. Investigation of chiral imido ligands to afford
cis or trans isotactic poly(norbornadienes) is therefore warranted.
Previous work on the chiral 2,6-(diphenethyl)phenylimido ligand has unveiled many
challenges and limitations. 8 Low yields due the diastereomeric nature of the aniline, in
addition to purification problems encountered during the synthesis of catalyst precursors,
prevented a thorough study of this imido ligand. Racemic-Mo(CHCMe2Ph)(N-2,6-C6H3-
(CHMePh)2)(ORF0)2 (4d) was the only initiator that effected the polymerization of 2,3-
bis(trifluoromethyl)norbornadiene (NBDF6) and 2,3-dicarbomethoxynorbornadiene
(DCMNBD). Results are shown in Table I. 8 In order to better understand the role of
chiral imido ligands in the control of polymer tacticity, a novel chiral aniline was
prepared and used in the synthesis of molybdenum alkylidene ROMP initiators. Their
effects on polymer stereoregularity were studied and are herein discussed.
Table I. Previous Results Obtained with Mo(CHCMe2Ph)(N-2,6-C 6H3-
(CHMePh)2)(ORFO)2 4da
Monomer Catalyst trans (%) syndiotacticity (%)
NBDF6 4d 98 84
4b 95 73
DCMNBD 4d 93 >99
4b 89 >99
aResults from achiral 4b are reported for comparison
purposes.
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RESULTS AND DISCUSSION
Synthesis of Chiral ortho-(Phenethyl)aniline
In order to facilitate the study of chiral arylimido ligands in ROMP initiators, a
monosubstituted homologue of 2,6-(diphenethyl)aniline was prepared. Scheme II shows
the synthetic approach to compound 7. It is noteworthy that due to poor solubility of 6 in
ethanol, hydrogenation performed in toluene was much faster and gave a much better
yield than when pure ethanol or a solution of ethanol:toluene (1:5) was used. Purification
of 7 was attempted by simple acidification with anhydrous hydrogen chloride in hexanes.
However, the anilinium salt did not precipitate, thus preventing its isolation by filtration.
A simple aqueous acid followed by base work-up led to pure aniline 7.
Scheme II. Synthesis of Chiral ortho-(Phenethyl)aniline.
Br
1) BuLi SnBu3
2) Bu3 SnCl
5
o-(C 6H4)(Br)(NO 2)
N PtO 2/H2 (60 psi)
65 "C/toluene
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Synthesis of Mo(CHCMe2Ph)(NAr*)(OTf)2(DME) (NAr'= N-2-C6H4-CHMePh)
The synthesis of Mo(CHCMe2Ph)(NAr*)(OTf)2(DME) (NAr* = N-2-C6H4-CHMePh)
(10) was accomplished as illustrated in Scheme III, by procedures analogous to the
literature. 4,5 Purification of 10 by conventional methods however proved unsuccessful.
Similar difficulties were encountered in the earlier study of Mo(CHCMe 2Ph)(N-2,6-
C6H3-(CHMePh) 2)(OTf)2(DME). 8
Scheme III. Synthesis of Mo(CHCMe 2Ph)(NAr*)(OTf) 2(DME) (NAr* = N-2-C6H4-
CHMePh).
/ (NH 2 Ar*NH2, NEt3 (xs) Mo(NAr*)2(Cl)2(DME)4)2M20 Me3SiCl (xs), DME (xs)
8
2 PhMe 2CCH 2MgCI
Mo(CHCMe 2Ph)(NAr*)(OTf) 2(DME) DME Mo(CH2CMe2Ph) 2 NAr) 2
10 r 9
Ar*NH3OTf 3 TfOH
Addition of three equivalents of potassium hexafluoro-tert-butoxide (KORF6) to 10 did
not lead to the expected compounds (eq 1). Isolation of the pure bis(triflato) complex (10)
was therefore essential to pursue the investigation of this arylimido ligand. In the
synthesis of the bis(triflato) molybdenum complex, the more crystalline albeit less
coordinating base 1,2-diphenoxyethane (DPE) was used but only led to decomposition
products when complex 9 was treated with triflic acid (eq 2). In addition,
Mo(CHCMe2Ph)(NAr*)(OTf)2(DME) did not undergo ligand exchange with either DPE
or ortho-dimethoxybenzene (DMB) (eq 3-4).
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Mo(CHCMe2Ph)(NAr*)(OTf) 2(DME) + Ar*NH30Tf
- 1 RF6OH
+ 3 KOR 6  -2 KOTf (1)
Mo(CHCMe2Ph)(NAr*)(ORF6) + Ar*NH 2
DPE
Mo(CH2CMe2Ph)2(NAr*)2 (9) + 3 TfOH taet-l-- decomposition (2)pentane:toluene
10 + DMBx toluene Mo(CHCMe2Ph)(NAr*)(OTf) 2(DMB) + DME (3)
10 + DPExs toluene Mo(CHCMe2Ph)(NAr*)(OTf) 2(DPE) + DME (4)
Purification of Mo(CHCMe2Ph)(NAr*)(OTf)2(DME)
An approach utilizing a polymer containing DME moieties was devised (Scheme IV).
The DME ligand in 10 would be exchanged with a polymer-graft-DME (poly(DME)) by
applying vacuum to a toluene solution containing the crude bis(triflato) complex and
poly(DME) (step 0, Scheme IV). Addition of the concentrated solution to pentane would
cause the precipitation of Mo(CHCMe 2Ph)(NAr*)(OTf) 2(poly(DME)) (10') while the
anilinium salt would remain in solution (step @, Scheme IV). Decanting the mixture
would leave 10' as a solid. Treatment of 10' in the usual manner with 2 equivalents MOR
would give the desired catalyst Mo(CHCMe 2)(NAr*)(OR) 2 (11) (step @, Scheme IV)
which could then be isolated by precipitation of the reaction mixture from pentane (step
@, Scheme IV).
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Scheme IV. Purification of Bis(triflato) 9 and Isolation of Pure Mo(CHCMe 2Ph)(NAr*)
(OR)2 Based on Solubility Properties of Polymers.
Mo(CHCMe2Ph)(NAr*)(OTf) 2(DME), 10 + Ar*NH3OTf
poly(DME)
toluene
vacuum
( Mo(CHCMe2Ph)(NAr*)(OTf) 2, 10' + ArNH30Tf
/ toluene
Ar *NH3 OTf pentane
Mo(CHCMe2Ph)(NAr*)(OTf) 2(poly(DME)), 10'
2 MOR }THF
+ Mo(CHCMe 2Ph)(NAr*)(OR) 2 + 2MOTf
O pentane }
polymeri + 2 MOTf + Mo(CHCMe 2Ph)(NAr*)(OR) 2, 11
A norbornene-type monomer with a pendent DME group was therefore investigated. 1,2-
Methoxy(5-norbornene-2-methoxy)ethane, NBDME was readily prepared in 91% yield
under phase-transfer catalysis conditions from 5-norbornene-2-methanol and 2-
bromoethyl methyl ether (eq 5). This method shows major advantages over the one
previously reported involving pyrophoric n-BuLi (yield: 39%). 9 Polymerization of 95
equivalents of NBDME with Mo(CHCMe2Ph)(N-2,6-C 6H 3-i-Pr 2)(ORFO) 2 gave a
polymer with a narrow molecular weight distribution (MwlMn = 1.02). The high solubility
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of the resulting polymer in common organic solvents however prevented its isolation by
precipitation. In order to proceed to step @ (Scheme IV), a methyltetradodecene-NBDME
block-copolymer ([MTD] 200[NBDME] 22) was prepared (Fig. 2). Analysis by on-line
viscometer gel permeation chromatography (GPC) gave a polydispersity (MwlMn) of
5.18, indicating kp/k i > 1 for the addition of MTD to the propagating species. Its
insolubility in dichloromethane prevented analysis by on-line light-scattering GPC.
OH
+ Br O/  NaOH
NBDME
Frc "- O---
Me2PhC
Ph
Figure 2. Structure of [MTD]m[NBDME]n.
Block copolymer [MTD]200[NBDME]22 and 22 x 0.8 equivalents of "pure" bis(triflato)
complex 10 were subjected to the steps outlined in Scheme IV. The supernatant solution
recovered after step @ contained mostly the expected anilinium salt, as judged by 1H
NMR. The very dark purple polymer was redissolved in THF. The resulting yellow
solution was treated with a slight excess of lithium tert-butoxide, giving an orange
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solution (step ®, Scheme IV). A pentane soluble (step @, Scheme IV) compound was
isolated. Although the color change through the reactions were as expected, analysis by
1H NMR spectroscopy suggested decomposition of the complex.
A more convenient approach was therefore sought to allow purification of the bis(triflato)
complex. A cross-linked polystyrene with pendent ethylene glycol oligomers (PEG-PS;
Fig. 3) has been used previously as phase-transfer catalyst but never, to my knowledge, as
a chromatography material for organometallic compounds. 10-15 Acidic protons such as
those in alcohols however induce decomposition of molybdenum alkylidene complexes.
Purification of PEG-PS by Soxhlet extraction with THF over sodium was therefore
necessary in order to remove traces of unreacted poly(ethylene glycol) reagent.
O nO 16
Figure 3. Polyethyleneglycol 750 Monomethylether Bound to Polystyrene-1%
Divinylbenzene (PEG-PS).
A column packed with PEG-PS effected the desired separation of bis(triflato) complex 10
from the anilinium salt. The pure molybdenum complex was eluted first in 49% yield.
The anilinium triflate remained longer on the column possibly due to the crown-ether
type chelating effect of the ethylene glycol oligomers. The salt can be recovered and
recycled by washing the column with any polar solvent.
PEG-PS columns were also used to study the applicability of such material in the
purification of other bis(triflato) complexes. Complexes with "electron-rich" imido
ligands (e.g. 2,6-dimethylphenylimido, 2-tert-butylphenylimido) were easily obtained in
pure form using the same conditions as in the purification of 10. In contrast, a mixture of
bis(triflato) and the corresponding "electron-poor" anilinium salt (2-CF 3-C6H4-NH3+ )
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was recovered when toluene:DME (50:1) was used to elute crude Mo(CHCMe 2Ph)(N-2-
C6H4-CF 3)(OTf)2(DME) on PEG-PS. Optimization of the eluent polarity may
nonetheless lead to successful purification of this particular bis(triflato) complex.
From the results obtained, it is clear that PEG-PS has the potential to separate many
organometallic compounds from their cationic byproducts. This organic polymer has the
major advantage over other more commonly used chromatography agents such as
alumina or silica by having no "active" sites that could promote decomposition of the
eluted material.
ROMP Initiators Based on the Chiral ortho-(Phenethyl)phenylimido Ligand
Mo(CHCMe2Ph)(N-2-C 6H4-CHMePh)(OSO 2CF3)2(DME) 10 was treated with a series
of nucleophiles. Lithium tert-butoxide, lithium trifluoro-tert-butoxide, and lithium
hexafluoro-tert-butoxide all led to decomposition. In light of previous results from
Boncella et al., 16 treatment of Mo(CHCMe2Ph)(NAr*)(OTf)2 (DME) with two
equivalents of hexafluoro-tert-butanol over Florisil in ether was attempted but also led to
decomposition. The intrinsic instability of Mo(CHCMe 2Ph)(NAr*)(OCMen(CF 3)3.n)2
(n = 1, 2, 3) probably accounts for the decomposition observed when
[MTD]200[NBDME]2 2 was used to purify 10. This suggests that, despite the more
involved procedure, the approach outlined in Scheme IV using [MTD]m[NBDME]n could
be as suitable to purify bis(triflato) complexes as PEG-PS.
Addition of potassium 2,6-diphenylphenoxide to a solution of the chiral bis(triflato)
complex 10 in THF yielded the highly crystalline, sparingly pentane soluble
Mo(CHCMe2Ph)(NAr*)(O-2,6-C 6H3-Ph2)2, 11a (Fig. 3). In addition to achiral oxido
ligands, potassium 6,6'-dimethyl-3,3',4,4'-tetra-tert-butyl- 1,1 '-biphenyl-2,2'-dioxide 17
was also added to the chiral imido bis(triflato) complex to generate a mixture of
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diastereomeric alkylidene complexes, llb (Fig. 4). An achiral homologue of lla was
prepared for comparative studies (12, Fig. 4).
Ph
Ila t-Bu ilb 12
Figure 4. Investigated Arylimido Molybdenum ROMP Initiators.
The ligand combinations in catalysts 11a, 11b and 12 are very interesting. In order to
form stable ortho-(phenethyl)phenylimido Mo alkylidene complexes, the oxido ligands
must bear considerably large substituents. This requirement may be due to the propensity
of the bulky monosubstituted phenylimido to rehybridize from an sp- to an sp2-type
nitrogen, depriving the metal center from the donation of two electrons and promoting
bimolecular decomposition by bending away of the imido ligand from the alkylidene
functionality.
In addition to the steric requirements imposed upon by the bulky monosubstituted ortho-
(phenethyl)phenylimido ligand, it appears that the 2,6-diphenylphenoxido ligand must, to
the contrary, be coupled with monosubstituted imido ligands. As a matter of fact,
synthesis of the disubstituted phenylimido catalyst Mo(CHCMe 2Ph)(N-2,6-C6H 3-
Me2)(O-2,6-C 6H3-Ph2)2 has not been successful. The combination of 2,6-
diphenylphenoxido and ortho-(phenethyl)phenylimido to form the isolable complex 11a
is therefore very unique and fortunate.
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ROMP Activity of the Initiator Towards Norbornadiene Monomers
The activity of the initiators drawn in Figure 4 was tested under various conditions with
DCMNBD and NBDF6. The results are summarized in Table II. Polymerization of
DCMNBD with catalyst l1a resulted in the isolation of a high trans-content syndiotactic
polymer. By contrast, catalysis with the less bulky ortho-methylphenylimido homologue
12 showed less stereoselectivity when DCMNBD was polymerized. Polymerization of
DCMNBD was performed at low temperature in an attempt to increase the cis content of
the polymer, as has previously been observed for Mo(CHMe 2Ph)(N-2-C 6H 4-t-
Bu)(ORF6)2: poly(NBDF6)s with 97% and 78% cis double bonds were isolated from
polymerizations performed at -35 "C and 23 "C, respectively.18 However, no marked
improvement was observed. A high-cis isotactic poly(NBDF6) was isolated from ROMP
with initiator 12, probably owing to the lesser reactivity and better selectivity of the
monomer. High-cis isotactic polymers were isolated from the polymerization of
DCMNBD and NBDF6 with initiator lib.
Tacticity assignments were done by comparison of the 13C{ 1H} chemical shifts with the
literature.3,7,19,20 The molecular weight distribution of the above polymers ranged from
1.09 to 2.24. All polymers appeared as a unimodal molecular weight distribution by gel
permeation chromatography with the exception of Entry 3. The bimodal distribution
(87:13 w/w) of poly(DCMNBD) obtained from lib probably arises from the
diastereomeric nature of the complex. Both polymers are cis isotactic, as evidenced by
13C{ 1H} NMR spectroscopy (Fig. 5(b)). The higher polydispersity observed in THF
relative to dichloromethane (Entries 2 and 3, Table II) is attributed to precipitation of the
polymer during polymerization in THF. The 13C{ 1H} NMR spectra of poly(DCMNBD)
reported in Entries 1, 2 and 5 in Table II are displayed in Figure 5.
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Table II. Results from the Polymerization of Norbornadienes with Arylimido Mo
Initiatorsa
Entry Catalyst Monomer Solvent temp trans (%) tacticity (%) Mw/Mn
1 Ila DCMNBD THF RT 93 syndio (>99) 1.28
2 llb DCMNBD THF RT <1 iso (>99) 2.24
3 DCMNBD CH2C12  RT <1 iso (>99) 1.09b
4 NBDF6 THF RT 7 iso (>99) __c
5 12 DCMNBD THF RT 26 - 2.03
6 DCMNBD THF -30 "C 32 - 1.12
7 NBDF6 THF RT 9 iso (>99) -_c
aAll polymerizations were quantitative (>95% yield). bOnly
relative to the minor polymer) is reported. CInsolubility of the
CH2C12 prevented its analysis by GPC.
the major polymer (87%
polymer in either THF or
Chapter I RESULTS AND DISCUSSION
Chaper 1RESULTS AND DISCUSSION
OMe
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Figure 5. Selected Part from the 13C{ 1H} NMR of poly(DCMNBD) Obtained from
(a) 11a (Entry 1, Table II), (b) 11b (Entry 2, Table II), and (c) 12 (Entry
5, Table II).
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The stereoregularity of the polymer prepared from initiators Ila, lib and 12 sheds light
on the role of chiral phenylimido in the quest of highly tactic ROMP polymers. It is very
interesting to note the drastic effect that the ortho-substituent has on the configuration of
the main-chain double bonds (Table II and Fig. 5). A large ortho-substituent, as in 11a,
gives mostly trans polymers (Entry 1, Table II) as opposed to mostly cis polymers
(Entries 5-7, Table II) for initiators with a possibly more accessible syn rotamer such as
those with small ortho-substituents as in 12. The high trans content of the polymer
generated by 11a may be attributed either to a greater rate of rotamer isomerization6 or
simply to a decrease in the reactivity of the syn rotamer by the steric bulk of the
phenethyl substituent. In contrast, the steric bulk of the BIPHENO ligand in 11b greatly
decreases the accessibility of the anti rotamer. Monomer approach to the syn rotamer is
therefore favored, generating cis double bonds upon ring opening. The results obtained
from 11a and 12 illustrates a unique case where the polymer changes to the opposite
double bond configuration by simply changing the size of the substituent on the imido
ligand. Such a change was also effected by substitution of the phenoxido ligands on 11a
and 11b.
Enantiomorphic Metal-Site Control vs. Chain-End Control of Polymer Tacticity
Analysis of the 13C{ 1H} NMR data for the poly(DCMNBD) prepared from 11a (Fig. 5
(a)) shows perfect agreement with the previously reported trans syndiotactic
poly(DCMNBD). 20 The tacticity of the polymer obtained from the chiral initiator U1a is
clearly controlled not by the imido chirality but by the chirality imposed upon the
complex by the alkylidene's I0 carbon atom on the last inserted monomer unit. Chain-end
control therefore overrides enantiomorphic metal-site control from the chiral arylimido
ligands.
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Because the bulky ortho-(phenethyl)phenylimido ligand in l1a promoted the formation
of trans double bonds, its use along with the chiral biphenoxido ligand may have also
caused a shift from cis isotactic (when NAr = N-2,6-C6H3-Me 2)17 to trans isotactic.
However, polymerization of norbornadienes using Ilb again gave a cis isotactic polymer
(Fig. 5 (b)) indicating that the chirality of the biphenoxido ligand still controls the
polymer stereoregularity. The high cis content in Entries 2-4 suggests that despite the
possibly greater accessibility of the anti rotamer in lib, the relative reactivity of the syn
rotamer is still much higher than its anti counterpart; cis polymers were therefore isolated
from lib.
It is also fascinating to compare the results from Entry 2 (Table II) with the results
reported for the polymerization of DCMNBD in THF with complex shown in Figure 6, in
which case, a polymer containing 46% trans double bonds was isolated. 17 This again
supports that the sterics of the ortho-substituent on the phenylimido ligand greatly affects
the relative reactivity of the syn and anti rotamers. The tert-butyl substituent on the
phenylimido ligand greatly decreases the monomer selectivity for the syn rotamer,
resulting in a marked decrease in the cis content of the polymers compared to those
isolated from polymerization with llb.
t-Bu
INI
t-Bu \ =I o
t-Bu
t-Bu
Figure 6. Chiral Biphenoxido Molybdenum ROMP Initiator.
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CONCLUSIONS
Molybdenum ROMP initiators with a chiral monosubstituted phenylimido were prepared.
Their synthesis however proved difficult owing to the poor crystallinity and the
diastereomeric mixtures. Mo(CHCMe2Ph)(N-2-C6H4-CHMePh)(OSO 2CF 3)2(DME) (10)
was successfully purified by eluting the crude material on a column packed with
polyethyleneglycol 750 monomethylether bound to polystyrene-l% divinylbenzene
(PEG-PS).
Very bulky phenoxido ligands were required in order to stabilize the resulting
Mo(CHCMe2Ph)(N-2-C 6H4-CHMePh)(OR) 2 complex. Decomposition was observed
when 10 was treated with the previously used tert-butoxide nucleophiles.
Mo(CHCMe2Ph)(N-2-C 6H4-CHMePh)(O-2,6-C 6H3-Ph2)2 (11a) was prepared and
effected the polymerization of DCMNBD to give a chain-end controlled trans
syndiotactic polymer. In order to generate a stereoselective polymer, a less reactive
monomer however had to be used with the achiral complex Mo(CHCMe2Ph)(N-2-C6H4-
Me)(O-2,6-C6H3-Ph2)2 (12) that bears a smaller phenylimido substituent. High-cis
highly tactic poly(NBDF6) was indeed isolated from ROMP of NBDF6 with initiator 12
whereas poly(DCMNBD) was shown to contain only 74% cis double bonds. A greater
rate of rotamer isomerization for 11a or a decrease in the reactivity of the syn rotamer
probably accounts for these results. In addition, cis isotactic polymers were isolated from
ROMP of monomers by biphenoxido complex 11lb. Although, a polymer having a high
trans content was obtained from initiator 11a, it appears that the steric environment
around the alkylidene functionality in complex 11b affords a more facile ring-opening
metathesis polymerization of the monomer by the syn rotamer. This illustrates a very
unique case where the imido ligand induces a very dramatic change in the nature of the
polymer main-chain double bonds, ranging from 0% to 100% trans double bonds.
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Finally, it appears that chain-end control of polymer tacticity is preferred over
enantiomorphic metal-site control when the chiral center is borne by the imido ligand.
Free rotation about the N-Cipso bond is probably responsible for such behavior. Other
catalysts with rigid bidentate ligands such as the biphenoxido ligand 17 in 11b may
therefore afford better control over the tacticity of other polymers, or over the synthesis
of enantiomerically pure organic compounds than would catalysts with imido-based
chirality.
EXPERIMENTAL
General Considerations
Unless otherwise stated, all experiments were performed under a nitrogen atmosphere in
a Vacuum Atmospheres drybox or under an Ar atmosphere using standard Schlenk
techniques. Pentane was washed with H2SO4:HNO 3 (95:5 v/v), NaHCO 3, and water,
stored over CaC12, and distilled from sodium benzophenone ketyl under N2. Reagent
grade C6H6, Et20, DME, THF, and toluene were distilled from sodium benzophenone
ketyl under nitrogen. CH 2C12 was distilled over CaH2 under N2. Polymerization grade
toluene was stored over Na/K alloy and passed through A120 3 prior to use.
All chemicals used were reagent grade and were purified by standard methods.
Mo(CHCMe2Ph)(N-2,6-C6H3-(i-Pr)2)(O- t-Bu)2,4,5 2,3-bis(trifluoromethyl)norbomadiene
(NBDF6)21 and 2,3-dicarbomethoxynorbornadiene (DCMNBD) 22 were prepared as
described in the literature. Polyethyleneglycol 750 monomethylether bound to
polystyrene-1% divinylbenzene (PEG-PS) and Aliquat 336 were purchased from Fluka
and Aldrich Chemical, respectively.
Two gel permeation chromatographs (GPC) were used to characterize the molecular
weight of the polymer, depending on their solubility: (i) HPLC grade THF was used and
distilled over sodium under N2 prior to use. The solvent was passed through the columns
with a Kratos spectroflow 400 pump at a 1.0-mL/min flow rate. GPC was carried out
using Waters Ultrastyragel 10573 Shodex KF-802.5, 803, 804, 805, and 800P columns
coupled with a Viscotek differential refractometer and a Spectroflow 757 UV-Visible
absorbance detector on samples 0.1-0.3% (w/v) in THF which were filtered through a
Millex-SR 0.5-gm filter in order to remove particulates. The polymer solution was
injected employing a Rheodyne Model 7125 100-gL sample injector. GPC columns were
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calibrated versus polystyrene standards (Polymer Laboratories Ltd) which ranged from
Mp = 1260-2.75 x 106; and (ii) HPLC grade CH 2Cl 2 was used and distilled over CaH2
under N2 prior to use. The solvent was passed through the columns with a Knauer HPLC
pump at a 1.0-mL/min flow rate. GPC was carried out using Jordi gel divinylbenzene
mixed bed columns (L = 250 mm, ID = 10 mm) coupled with a Spectroflow 757 UV-
Visible absorbance detector, a Wyatt Technology miniDawn light scattering detector (20
mW semiconductor laser, X = 690 nm, 3 detection angles: 45', 90', and 135") on samples
0.4-0.6% (w/v) in CH 2Cl2 which were filtered through a Millex-SR 0.5-pgm filter in order
to remove particulates. The polymer solution was injected employing a Rheodyne Model
7725 100-gL sample injector. The light scattering detector were calibrated polystyrene
(Mw = 3600). NMR data were obtained at 300 MHz (1H) and 75.43 MHz (13C) on Varian
XL and Unity spectrometers at room temperature. Spectra were reported in parts per
million downfield from tetramethylsilane for proton and carbon.
Experimental Procedures
Tributyl(1-phenylvinyl)tin (5). A three-neck round bottom flask equipped with a
thermometer, a septum cap and a dropping funnel was purged with argon and charged
with a-bromostyrene (9.21 mL; 70.9 mmol) and 120 mL anhydrous ether. The solution
was cooled to -78 *C. A solution of n-BuLi (1.6 M in hexanes; 48.6 mL; 77.8 mmol) was
added at a rate that allowed the internal temperature to remain lower than -55 "C. The
solution was stirred at -55 *C for 1 h and then warmed up to -45 "C. After 15 min,
tributyltin chloride (20.0 mL; 73.7 mmol) was added over 1 h. The solution was allowed
to slowly reach room temperature. The solution was filtered after 18 h through Celite.
Vacuum distillation of the crude mixture generated a colorless liquid (24.7 g; 88%).
1H NMR (C6D6): 8 7.29 (d, J = 7, 2H, ortho H), 7.16 (dd, J = 7, 2H, meta H), 7.05 (dd,
J= 7, 1H, para H), 6.13* (d, J = 2, 1H, CH 2), 5.45* (d, J = 2, 1H, CH 2), 1.06-1.60 (m,
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6H, (CH 2)3CH 3), 0.88 (t, J = 6, 3H, (CH 2)3CH3); 13C{ 1H} NMR (C6D6): 8 138.2
(Cipso), 128.7, 128.1, 127.1, 126.7, 102.6, 29.5, 27.7, 13.8, 10.6. *Further split by 8.7%
and 7.7% of 119Sn and 117Sn, respectively.
ortho-(Phenylvinyl)nitrobenzene (6). A Schlenk flask was charged with 50 mL toluene
and bis(triphenylphosphine)palladium dichloride (258 mg; 0.365 mmol). A solution of
diisobutylaluminum hydride (104 mg; 0.731 mmol) in 5 mL toluene was slowly added to
the palladium mixture. The solution was allowed to stir for 30 min. ortho-
Bromonitrobenzene (2.95 g; 14.6 mmol) was added as a solid to the deep-red solution
and the resulting solution was stirred for an additional 10 min. Neat tributyl(1-
phenylvinyl)tin (5) (7.19 g; 18.2 mmol) was added dropwise and the solution was heated
under reflux conditions for 3 d. The solution was cooled down to room temperature and
the product was washed with aqueous 1 M KF and brine. A Si0 2 column using pure
hexanes to remove a first nonpolar impurity, followed by elution with hexanes:EtOAc
(40:1) gave a ortho-(phenylvinyl)nitrobenzene (6) (1.66 g; 7.37 mmol; 50%). 1H NMR
(C6D6 ): 8 7.44 (d, J= 7, 1H, Ar), 7.16 (m, 2H, Ar), 7.01 (m, 3H, Ar), 6.92 (d, J= 8, 1H,
Ar), 6.84 (t, J = 8, 1, Ar), 6.69 (t, J = 8, 1H, Ar), 5.48 (s, 1H, CH2), 5.02 (s, 1H, CH 2);
13C{ 1H} NMR (C6D6): 8 149.4, 146.7, 139.5, 136.8, 132.5, 132.3, 128.6, 128.5, 128.3,
126.9, 124.2, 115.4. MS (EI) m/e 225 (M+), 208 (M - H - 0), 179 (M+ - NO2).
ortho-(Phenethyl)aniline (7). ortho-(Phenylvinyl)nitrobenzene (6) (800 mg; 3.55 mmol)
was treated with PtO2 (40 mg; 0.178 mmol; 5%) in 50 mL toluene at 60 "C under H2 (60
psi). The starting material was consumed within 3 h. The aniline was extracted with
aqueous 1 M HC1. The combined aqueous layers were brought to basic pH by addition of
NaOH 50 % w/w and the neutral compound was extracted with ether. The organic part
was dried over Na2SO4 and the solvent was evaporated under reduced pressure to yield
0.552 g (2.80 mmol; 79%) of colorless ortho-(phenethyl)aniline (7). 1H NMR (C6D6): 8
7.20 (d, J = 8, 1H, Ar), 7.05 (m, 6H, Ar), 6.85 (t, J = 8, 1H, Ar), 6.33 (d, J = 8, 1H, Ar),
3.89 (q, J = 8, 1H, CH), 2.87 (bs, 2H, NH 2), 1.42 (d, J = 8, 3H, CH3); 13C{ 1H} NMR
(C6D6): 8 146.1, 145.0, 129.7, 128.9, 127.8, 127.5, 126.4, 118.7, 116.3 (Ar), 40.6 (CH),
21.8 (CH 3). MS (EI) m/e 197 (M+), 182 (M+ - NH), 165 (M+ - NH2 - CH3 - H).
Mo(N-2-C 6H4-CHMePh)2C12(DME) (8). A Schlenk tube was charged with
(NH4) 2Mo20 7 (659 mg; 1.94 mmol), NEt3 (2.35 g; 23.3 mmol; 12 equiv), Me 3SiC1 (3.59
g; 52.4 mmol; 27 equiv), ortho-(phenethyl)aniline (7) (1.53 g; 7.76 mmol; 4 equiv) and
125 mL DME. The mixture was stirred for 27 h at 60 "C. The mixture was filtered
through Celite and the solid was thoroughly washed with DME. The volatiles were
removed in vacuo to yield a brick-orange solid (2.26 g; 3.49 mmol; 90%). 1H NMR
(C6D6): 8 7.68 (d, J = 8, 2H, Ar), 7.35 (d, J= 8, 2H, Ar), 7.27 (d, J= 8, 2H, Ar), 7.15 (m,
4H, Ar), 7.05 (m, 2H, Ar), 6.94 (t, J = 7, 2H, Ar), 6.80 (t, J = 8, 2H, Ar), 6.67 (t, J = 8,
2H, Ar), 5.20 (bq, 2H, CH Me), 3.29 (bs, 8H, DME), 1.56 (d, J = 7, 3H, CHMe ), 1.53 (d,
J = 7, 3H, CHMe); 13C{ 1H} NMR (C6D6): 8 155.8, 146.0, 128.9, 128.6, 127.0, 126.7,
126.1, 125.3, 125.1, 71.3 (OCH2), 62.3 (b, CH30), 39.3 (CH), 22.3 (CHCH3), 22.1
(CH CH3).
Mo(CHzCMe2Ph) 2(N-2-C6I 4-CHMePh) 2  (9). M o (N - 2 - C6H4-CHMePh)2C12
(DME) (2.26 g; 3.49 mmol) was dissolved in 90 mL Et20 and 10 mL THF and cooled
down to -30 *C. Neophyl magnesium chloride (0.882 M in THF; 7.91 mL; 6.98 mmol)
was added over 10 min. The dark orange solution became pale orange with precipitation
of MgCl2. The solution was allowed to stir at room temperature for 22 h. The solvents
were evaporated under reduced pressure and the product extracted with ether. An orange
oil was isolated upon removal of the volatiles. Yield: 2.45 g (93%). 1H NMR (C6D6): 8
7.10 (m), 7.00 (m), 6.72 (m), 4.92 (bq, CHMe), 1.83 (s), 1.79 (s), 1.59 (s), 1.56 (s), 1.53
(s), 1.51 (s), 1.38 (s), 1.33 (s), 1.29 (s), 1.17 (s); 13C{ 1H} NMR (C6D6): 8 154.9, 151.1,
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146.4, 138.3, 128.7, 128.6, 128.5, 128.1, 127.0, 126.9, 126.8, 126.4, 126.3, 126.2, 126.1,
125.7 (C Ar), 79.6 (CH2), 79.1 (CH2), 78.6 (CH2), 40.8 (CMe2Ph), 39.3 (CHMe), 33.1,
32.8, 32.5, 32.3, 31.4 (CMe2Ph), 22.0 (CHMe).
Mo(CHCMe 2Ph)(N-2-C 6H4-CHMePh)(OSO2CF3)2(DME) (10). A solution of
Mo(CH2CMe 2Ph)2(N-2-C6H4-CHMePh) 2 (9) (2.01 g; 2.67 mmol) in 50 mL DME at
-30 "C was treated with a chilled solution of triflic acid (1.20 g; 8.01 mmol) in 15 mL
DME over 10 min. The solution was stirred at room temperature for 20 h. The solvent
was removed in vacuo to yield an oil containing the anilinium triflate and the desired
compound. The mixture can be passed through a 15 cm x 0.5 cm (L x D) column packed
with polyethyleneglycol 750 monomethylether bound to polystyrene-1% divinylbenzene
(PEG-PS). Eluting the mixture with toluene:DME (50:1) gave pure bis(triflato) as the first
fraction (49% yield). The anilinium triflate can be recovered by washing the column with
any polar solvents (ether, THF, DME). 1H NMR (C6D6): 8 15.04 (s, 1H, CH, minor),
14.20 (s, 1H, CH, major), 7.99 (m, 1H, Ar), 7.56 (d, J = 8, 2H, Ar), 7.40 (m, 1H, Ar),
7.29 (d, J= 8, 2H, Ar), 7.13 (m, 4H, Ar), 6.86 (m, 4H, Ar), 5.01 (bq, J = 7, 1H, CHMe),
3.59 (bs, 3H, OMe), 3.44, 3.25, 3.18, 3.10, 3.05 (bs, DME), 2.71 (bs, 3H, OMe), 1.97 (s,
3H, CMe2Ph, minor), 1.91 (s, 3H, CMe2Ph, major), 1.89 (s, 3H, CMe2Ph), 1.62 (d, J = 7,
3H, CHMe, major), 1.51 (d, J= 6, 3H, CHMe, minor); 13C{ 1H} NMR (C6D6): 8 (major
isomer) 153.4, 149.0, 145.8, 145.2, 131.7, 130.3, 128.7, 128.6, 128.1, 127.3, 126.8, 126.6
(C Ar), 120.0 (q, 1JCF = 317, CF 3), 73.6 (OCH 2), 69.9 (0 CH2), 64.3 (OMe), 62.0 (OMe),
58.8 (CMe2Ph), 39.2 (CHMe), 31.8 (CMe2Ph), 30.8 (CMe2Ph), 22.7 (CHMe); (minor
isomers, partially assigned) 77.6, 75.2, 74.8, 70.1, 60.7 (DME), 58.5 (CMe 2Ph), 39.4,
38.7 (CHMe), 30.0, 29.5, 28.9 (CMe2Ph), 22.5, 22.2 (CHMe).
Other Experiments Involving Crude Mo(CHCMe 2Ph)(N-2-C 6H4-
CHMePh)(OSO 2CF 3)2(DME).
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(i) A slurry of crude Mo(CHCMe 2Ph)(N-2-C6H4-CHMePh)(OSO2CF3)2(DME) (110 mg
i.e. 73 mg (66%) of pure complex; 0.11 mmol) and [MTD]200[NBDME]2 2 (240 mg i.e.
24 mg (10%) of NBDME; 0.13 mmol) in 40 mL toluene was prepared. The volatiles were
removed in vacuo and the residue redissolved in 30 mL toluene. The volatiles were again
removed in vacuo and the residue redissolved in 30 mL toluene. The solution was
concentrated to 15 mL and added dropwise to 60 mL pentane. The supernatant pale
orange solution was decanted off from the very dark orange polymer (271 mg; 87%). To
ensure complete removal of the anilinium triflate, the recovered polymer was redissolved
in the minimum amount of toluene and reprecipitated from pentane. The combined
supernatant solutions were concentrated to dryness. Analysis by 1H NMR showed the
presence of 2-CHMePh-C 6H4-NH3OTf in addition to other alkyl resonances around 1.4
ppm. Low concentration of the possibly polymer-coordinated bis(triflato) prevented its
analysis by NMR. Upon dissolving the dark purple polymer (0.106 mmol) in
toluene:THF (10 mL:20 mL), the color of the solution turned from very dark solution to
the typical bright yellow. LiO-t-Bu (25 mg; 0.31 mmol) was added and the solution
turned orange. 1H NMR however did not however reveal any alkylidene resonances.
(ii) To a solution of crude Mo(CHCMe 2Ph)(N-2-C6H4-CHMePh)(OSO 2CF3)2(DME)
(10) (106 mg, i.e., 70.3 mg "pure"; 0.103 mmol) in 4 mL Et20 at -30 "C was added a
solution of KOCMe(CF 3)2 (68 mg; 0.31 mmol) in 2 mL Et20. Upon addition, white
precipitate formed. The mixture was stirred at room temperature for 90 min. The solution
was concentrated to dryness in vacuo and the residue extracted with cold pentane. The
extract was filtered through Celite and the volatiles removed under reduced pressure. No
alkylidene proton resonance was observed by NMR.
(iii) Crude Mo(CHCMe2Ph)(N-2-C 6H4-CHMePh)(OSO 2CF 3)2(DME) (10) (83 mg; 0.12
mmol) and 1,2-diphenoxyethane, DPE (80 mg; 0.37 mmol) were dissolved in 5 mL
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toluene. The volatiles were removed under reduced pressure. The above step was
repeated three times. 1H NMR suggested no exchange of DME by the more crystalline
DPE.
(iv) Crude Mo(CHCMe 2Ph)(N-2-C6H4-CHMePh)(OSO 2CF 3)2(DME) (10) (35 mg; 0.051
mmol) and ortho-dimethoxybenzene, DMB (21 mg; 0.15 mmol) were dissolved in 5 mL
toluene. The volatiles were removed under reduced pressure. The above step was
repeated three times. 1H NMR suggested no exchange of DME by the more crystalline
DMB.
(v) A pentane:toluene (10 mL:3 mL) solution of Mo(CH2CMe 2Ph) 2(N-2-C 6H4-
CHMePh)2 (9) (109 mg; 0.145 mmol) and DPE (31 mg; 0.145 mmol) was cooled to
-30 "C. Triflic acid (65 mg; 0.435 mmol) was slowly added to 5 mL precooled (-30 "C)
pentane. The triflic acid solution was added over 2 min to the complex solution.
Precipitate formed immediately and the solution turned from bright to pale orange. No
alkylidene proton resonance was observed by 1H NMR spectroscopy.
Methoxy(5-norbornene-2-methoxy)ethane, NBDME. A heterogeneous solution of 5-
norbornene-2-methanol (12.4 g; 0.100 mmol), MeOCH2CH 2Br (13.9 g; 0.100 mmol),
NaOH (50% w/w; 48 g) and Aliquat 336 (2 mg) in 100 mL cyclohexane was stirred at
room temperature for 2 d. The organic compound was extracted with Et20 to yield 16.5 g
(91%). NBDME was further passed on a SiO 2 column with hexanes:EtOAc (20:1) as
eluent. Vacuum distillation with a 15-cm Vigreux column was not efficient at removing
small amount of contaminants. 1H NMR (C6D 6): 8 (major endo isomer, 83%) 6.01 (dd,
3JHH = 3, 3JHH = 5, 1H, olefinic), 5.94 (dd, 3JHH = 3, 3JHH = 5, 1H, olefinic), 3.39 (m,
4H, OCH2CH20), 3.13 (s, 3H, OMe), 3.12 (dd, 1H, CHCH20), 3.00 (dd, 1H, CHCH 20),
2.96 (bs, 1H, bridgehead), 2.59 (bs, 1H, bridgehead), 2.34 (m, 1H, C(2) methine), 1.65
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(ddd, 1H, C(3)H2), 1.43 (dm, 1H, C7)H2), 1.08 (d, C(7)H2), 0.44 (ddd, 1H, C( 3)H2); 8
(minor exo isomer, 17%, partially assigned) 6.03 (dd, 1H, olefinic), 5.96 (dd, 1H,
olefinic), 3.19 (dd, 1H, CHCH20), 2.80 (bs, 1H, bridgehead), 2.63 (bs, 1H, bridgehead);
13C{ 1H} NMR (CDC13): 8 (endo) 137.1, 132.5 (olefinic), 75.2, 72.0, 70.1, 59.1, 49.4,
43.9, 42.2, 38.6, 29.2; 8 (exo, partially assigned) 136.6 (olefinic), 77.4, 76.6, 76.1, 45.0,
43.6, 41.5, 38.7, 29.7.
[NBDME] 95. To a vigorously stirred solution of Mo(CHCMe2Ph)(N-2,6-C6H3-i-Pr2)(O-
t-Bu)2 (3 mg; 5.46 gmol) in 3 mL toluene was added a solution of NBDME (94 mg; 0.52
mmol; 95 equiv) in 3 mL toluene. The resulting solution was stirred for 2 h at room
temperature. Excess benzaldehyde was added and allowed to stir for an additional 4 h.
The solution was precipitated from methanol. (MwIMn = 1.02; Mw (calc) = 17 500, Mw
(obsd, LS) = 12 500).
[NBDME] 22[MTD]200. To a vigorously stirred solution of Mo(CHCMe2Ph)(N-2,6-
C6H3-i-Pr2)(O-t-Bu) 2 (4 mg; 7.3 imol) in 1.5 mL toluene was added a solution of
NBDME (29 mg; 0.16 mmol; 22 equiv) in 1.5 mL toluene. The resulting solution was
stirred for 30 min at room temperature after which MTD (254 mg; 1.46 mmol; 200 equiv)
in 3 mL was added. Benzaldehyde was added after 2 h. The solution was precipitated
from pentane 3 h later to quantitatively yield [NMBDME]22[MTD] 200 which contains
about 10.2% w/w of NBDME. The block copolymer was redissolved in THF and
precipitated from pentane to give a transparent film that was used in further experiments
with Mo(CHCMe2Ph)(N-2-C 6H4-CHMePh)(OSO2CF 3)2(DME). (M wMn = 5.18;
Mw(calcd) = 39 084, Mv(obsd, Viscometer) = 43 660)
Mo(CHMe2Ph)(N-2-C 6H4-CHMePh)(O-2,6-C 6H3-Ph2)2 (11a). KO-2,6-C6H3-Ph2 (43
mg; 0.15 mmol) was added dropwise to Mo(CHCMe2Ph)(N-2-C6H4-
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CHMePh)(OSO 2CF 3)2(DME) (10) (48 mg; 0.075 mmol) in 10 mL THF at -30 "C. The
solution readily turned clear orange. The solution was stirred at room temperature for 16
h. The solvents were evaporated to an oil. The oil was extracted with benzene. The
extract was filtered through Celite and evaporated to dryness to give orange crystals (41
mg; 78%). 1H NMR (C6D6): 8 10.97 (s, 1H, CH), 7.54 (d, J = 8, 4H, Ar), 7.49 (d, J = 8,
4H, Ar), 7.44 (d, J = 8, 2H, Ar), 7.19 (m, Ar), 6.89 (m, 12H, Ar), 6.73 (m, 2H, Ar), 6.66
(t, J = 8, 1H, Ar), 6.50 (m, 2H, Ar), 5.34 (d, J = 8, 2H, Ar), 3.93 (q, J = 7, CHMePh),
1.15 (d, J= 7, 3H, CHMePh), 0.88 (s, 3H, CHMe2), 0.68 (s, 3H, CHMe2).
Mo(CHMe2 Ph)(N-2-C 6H4-CHMePh)[BIPHENO(Me) 2(t-Bu)4] (lib). Potassium 6,6'-
dimethyl-3,3',4,4'-tetra-tert-butyl-l,1'-biphenyl-2,2'-dioxide.x THF 1 7 (79 mg; 0.14
mmol) and bis(triflato) 10 (86 mg; 0.13 mmol) were combined in 10 mL THF at -30 "C.
The solution was allowed to stand at low temperature for 24 h. The solvents were then
evaporated and the residue was extracted with pentane. The extract was filtered through
Celite and the volatiles removed in vacuo to give 107 mg (98%) of orange oil. 1H NMR
(C6D6): 8 11.14 (s, 1H, CH, 1:1 with 8 10.93), 10.93 (s, 1H, CH, 1:1 with 8 11.14), 7.81
(bs, 2H, O(C6H 1)), 7.59 (s, 1H, O(C6H1)), 7.57 (s, 1H, O(C6H 1)), 7.45 (d, J = 8, 2H, Ar),
7.38 (d, J= 8, 2H, Ar), 7.31 (d, J = 8, 2H, Ar), 7.15 (m, 6H, Ar), 7.03 (m, 6H, Ar), 6.93
(m, 4H, Ar), 6.72 (m, 6H, Ar) 4.78 (d, J = 7, 1H, CHMe), 4.63 (d, J = 7, 1H, CHMe),
1.2-2.2 (106H, alkyl H); 13C{ 1H} NMR (C6D6): 8 279.3 (CH), 277.1 (CH), 155.2, 155.1,
154.1, 153.7, 152.7, 152.1, 151.4, 151.2, 145.5, 145.2, 144.3, 143.8, 142.8, 142.6, 142.4,
142.2, 138.9, 138.7, 137.9, 137.8, 136.3, 136.0, 135.6, 135.4, 132.2, 132.1, 131.8, 131.7,
128.6, 128.5, 127.8, 127.3, 127.2, 127.1, 126.9, 126.8, 126.7, 126.3, 126.2, 126.0, 125.9
(C Ar), 54.2 (CMe 2Ph), 54.1 (CMe 2Ph), 39.7 (CHMe), 39.6 (CHMe), 36.1, 36.0, 35.9,
34.4, 33.1, 32.9, 32.0, 31.8, 31.6, 31.5, 31.1, 30.4 (CMe2Ph), 30.2 (CMe2Ph), 30.1
(CMe2Ph), 30.0 (CMe2Ph), 25.7, 22.7, 21.7, 20.8, 19.6, 19.2, 19.1, 14.2.
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Other Transmetallation Attempts on Mo(CHCMe2Ph)(N-2-C 6H4-CHMePh)
(OSO 2CF 3)2(DME) (10).
(i) LiO-t-Bu (98 mg; 1.22 mmol) was added in several portions to a solution of
compound 10 (380 mg; 0.556 mmol) in 25 mL Et20 cooled to -30 "C. The yellow
solution readily turned orange. The solution was stirred at room temperature for 22 h. The
solvents were evaporated under reduced pressure. The residue was extracted with cold
pentane and filtered through Celite. The cake was rinsed with pentane until the filtrate
was colorless. The residual solid was still orange. Attempts to dissolve it in toluene
failed. The filtrate was concentrated to yield 245 mg (77%) of material that did not show
spectroscopic evidence for the formation of the expected Mo(CHCMe 2Ph)(N-2-C6H4-
CHMePh)(O- t-Bu)2.
(ii) LiOCMe 2CF3(31 mg; 0.23 mmol) was added to a solution of bis(triflato) 10 (70 mg;
0.11 mmol) in 10 mL THF at -30 "C. The yellow solution progressively turned to very
dark orange. The solution was stirred at room temperature for 16 h. The solvent was
evaporated in vacuo. The residue was extracted with pentane. The extract was filtered
through Celite and the solvent evaporated. Alkylidene proton resonances, either from the
starting material or from the expected product, were not observed by NMR (C6D6).
(iii) LiOCMe(CF 3)2 (38 mg; 0.20 mmol) was added to a solution of 10 (62 mg; 0.091
mmol) in 4 mL THF at -30 "C. The solution was stirred at room temperature for an
additional 22 h after which the solvent was evaporated. The residue was extracted with
pentane. The extract was filtered through Celite and the volatiles were removed in vacuo.
IH NMR (C6D6) showed no evidence of Mo(CHCMe 2Ph)(N-2-C 6H4-CHMePh)
(OSO 2CF3)2(DME). New broad resonances were observed at 10.90, 11.41 and 12.12,
uncharacteristic of the sharp alkylidene resonances from Mo(CHMe 2Ph)(NAr)(OR) 2.
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Substantial coupling product, Me 2PhCH=CHMe2Ph was also observed (1H NMR
(C6D6): 8 5.71 (s, 2H, CH), 1.32 (s, 12H, Me)).
(iv) Hexafluoro-tert-butanol (42 mg; 0.23 mmol) was stirred over Florisil (120 mg) in 5
mL ether for 1 h. Mo(CHCMe2Ph)(N-2-C 6H4-CHMePh)(OSO2CF3)2(DME), 10 (78 mg;
0.11 mmol) was then added to the Florisil mixture. The solution slightly darkened. The
solution was stirred for an additional 20 h. The volatiles were removed under reduced
pressure and the residue extracted with pentane. The extract was filtered through Celite.
Pentane was evaporated in vacuo. 1H NMR showed resonances characteristic of 2-
CHMePh-C6H 4-NH 3OTf.
(v) LiO-2,6-C6H3-Me2 (22 mg; 0.172 mmol) was added to a solution of
Mo(CHCMe2Ph)(N-2-C6H4-CHMePh)(OSO 2CF 3)2(DME), 10 (56 mg; 0.082 mmol) in 5
mL THF cooled to -30 *C. The yellow solution readily turned to orange-red. The solution
was stirred at room temperature for 20 h. Usual work-up and NMR analysis of the
pentane extract did not show evidence of the desired product.
Mo(N-2-C6H 4-Me) 2CI 2(DME). A Schlenk tube was charged with Mo2(NH4) 20 7 (3.07
g; 9.03 mmol), NEt 3 (10.0 mL; 71.8 mmol; 8 equiv), Me3SiCl (19.4 mL; 153 mmol; 17
equiv), ortho-toluidine (3.9 mL; 36.5 mmol; 4 equiv), and 50 mL DME. The mixture was
stirred at 45-50 *C for 22 h. The solution readily evolved from white to bright yellow to
dark orange. The mixture was filtered through Celite and washed with portions of DME
until the filtrate was colorless. The volatiles were removed in vacuo to yield 8.07 g (96%)
of pure product. 1H NMR (C6D6): 8 7.67 (d, J = 8, 2H, Ar), 6.81 (m, 4H, Ar), 6.72 (dd,
J= 8, 8H, Ar), 3.43 (s, 6H, CH30), 3.21 (s, 4H, OCH 2), 2.49 (s, 6H, o-CH 3); 13C{( 1H
NMR (C6D6): 8 156.9, 131.1, 130.1, 126.9, 126.4, 125.0 (C Ar), 71.2 (OCH 2), 62.4
(OMe), 18.4 (C6H4Me).
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Mo(CHzCMe3Ph)2(N-2-C 6H4-Me)2. Mo(N-2-C 6H4-Me) 2C12(DME) (7.22 g; 15.5
mmol) was dissolved in 150 mL Et20 and chilled to -30 "C. Neophyl magnesium
chloride (0.92 M in THF; 33.7 mL; 31.0 mmol) was added over 15 min. The solution was
warmed slowly to room temperature and stirred for 21 h. The mixture was filtered
through Celite and washed with ether. The solvent was removed under reduced pressure
to yield Mo(CH2CMe 3Ph)2(N-2-C6H4-Me) 2. Recrystallization from ether gave 8.24 g
(93%) of pure product. 1H NMR (C6D6): 8 7.37 (d, J = 8, 4H, Ar), 7.17 (t, J = 8, 4H, Ar),
7.06 (t, J = 6, 4H, Ar), 6.95 (d, J = 6, 2H, Ar), 6.88 (t, J = 8, 2H, Ar), 6.80 (t, J = 8, 2H,
Ar), 2.25 (s, 6H, ArCH 3), 1.86 (s, 4H, CH 2CMe2Ph), 1.46 (s, 12H, CH2CMePh);
13C{ 1H) NMR (C6D6): 8 156.4, 151.0, 131.1, 130.2, 128.6, 126.4, 126.3, 126.1, 125.4,
125.2 (C Ar), 78.2 (CH2), 40.7 (CMe 2Ph), 32.8 (CMe2Ph), 18.7 (C6H4Me).
Mo(CHCMe2Ph)(N-2-C 6H4 -Me)(OSO 2CF3)2(DME). Triflic acid (3.00 g; 20.0 mmol)
in 10 mL DME was added to a solution of Mo(CH2CMe 2Ph) 2(N-2-C 6H4-Me)2 (3.82 g;
6.67 mmol) in 100 mL DME at -30 "C. The solution was warmed to room temperature
and stirred for an additional 3 h. The solvent was evaporated in vacuo. Toluene (75 mL)
was added to the oil and allowed to stand overnight. The mixture was cooled to -30 "C
and filtered. The solid was washed with ether. The product was recrystallized from ether.
Yield: 3.44 g (71%). 1H NMR (C6D6): 8 14.07 (s, 1H, CHCMe 2Ph), 7.21 (d, J = 8, 1H,
Ar), 7.56 (d, J= 8, 2H, Ar), 7.11 (t, J= 8, 2H, Ar), 6.84 (t, J = 8, 1H, Ar), 6.76 (t, J= 8,
1H, Ar), 6.69 (t, J = 8, 1H, Ar), 6.64 (d, J = 8, 1H, Ar), 3.38 (s, 3H, MeO), 3.26 (bs, 2H,
OCH 2), 2.79 (bs, 5H, MeO and OCH 2), 2.38 (s, 3H, ArMe), 1.83 (s, 6H, CMe2Ph);
13C{ 1H} NMR (C6D6 ): 8 325.6 (CHCMe 2Ph), 158.1, 154.2, 148.8, 138.3, 130.7, 130.5,
129.8, 128.8, 128.6, 126.9, 126.8, 126.7, 126.6 (C Ar), 120.1 (q, 1JCF = 316, CF3), 69.7
(OCH2), 64.1 (OCH 2), 61.7 (OMe), 58.5 (OMe), 30.6 (CMe2Ph), 18.6 (N-2-C6H 4-Me).
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Mo(CHMe2Ph)(N-2-C 6H4-Me)(O-2,6-C6H3-Ph2) (12). To a solution of
Mo(CHMe2Ph)(N-2-C 6H4-Me)(OTf)2(DME) (100 mg; 0.139 mmol) in 10 mL THF at
-30 "C was added KO-2,6-C 6H3-Ph2 (83 mg; 0.29 mmol). The bright yellow solution
readily turned orange. The solution was stirred at room temperature for 18 h. The
volatiles were removed in vacuo and the residue extracted with hot pentane. The filtrate
was concentrated under reduced pressure to quantitatively (88 mg) give the desired
product as orange solid. 1H NMR (C6D6): 8 10.90 (s, CH), 7.54 (d, J = 8, 8H, Ar), 7.45
(d, J = 8, 1H, Ar), 7.21 (m, 15H, Ar), 6.91 (m, 5H, Ar), 6.67 (m, 3H, Ar), 6.54 (m, 2H,
Ar), 5.42 (d, J = 8, Ar), 1.45 (s, N-2-C6H4-Me), 0.90 (s, CMe2Ph); 13C{ 1H} NMR
(C6D6): 8 280.9 (1JCH = 126, Ca), 162.3, 156.6, 150.0, 139.8, 134.1, 132.5, 130.3, 130.2,
130.0, 129.8, 129.7, 129.4, 128.9, 128.8, 128.2, 127.8, 127.1, 127.0, 126.0, 125.8, 125.6,
121.7 (Ar), 54.1 (CMe 2Ph), 31.0 (CMe2Ph), 17.2 (N-2-C6H4-Me).
Polymerization of Norbornadienes with Initiators 11a, 11b, and 12. Standard
conditions described above have been used to perform the following polymerizations.
13C{ 1H} NMR data of the resulting polymers is included (monomer, initiator).
(a) DCMNBD, 11a (Entry 1, Table II); 13C{ 1H} NMR (CDC13): 8 165.3 (CO), 142.1
(C(2/ 3)), 132.3 (C(5/6) trans), 51.9 (OMe), 49.0 (C(1/ 4) trans, 93%), 44.1 (C(1/4) cis, 7%),
37.7 (C(7));
(b) DCMNBD, 11b (Entry 2-3, Table II); 13C{ 1H} NMR (CDCl3): 8 165.1 (CO), 142.2
(C(2/3)), 131.3 (C(5/6) cis), 51.9 (OMe), 44.1 (C(1/4) cis), 38.7 (C(7));
(c) NBDF6, 11b (Entry 4--similar to Entry 7, Table II); 13C({ 1H} NMR (acetone-d6): 8
140.2 (C(2/3)), 133.5 (C(5/6) trans, 9%), 132.1 (C(5/6) cis, 91%), 122.1 ( 1JCF = 273, CF3),
49.9 (C(1/4) trans, 9%), 44.9 (C(1/ 4) cis, 91%), 38.4 (C(7), mm), 38.1 (C(7), ct);
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(d) DCMNBD, 12 (Entry 5-similar to Entry 6, Table II); 13 C{ 1H} NMR (CDC13): 8
165.2 (CO), 142.2 (C(2/3)), 132.2 (C(5/6) trans, 74%), 131.4 (C(5/6) cis, 26%), 52.0
(OMe), 48.9 (C(1/ 4) trans, 26%), 44.1 (C(1/ 4 ) cis, 15%), 38.7 (C(7)), 38.1 (C(7)), 37.5
(C(7)).
REFERENCES
(1) McConville, D. H.; Wolf, J. R.; Schrock, R. R. J. Am. Chem. Soc. 1993, 115, 4413.
(2) Manuscript in preparation.
(3) O'Dell, R.; McConville, D. H.; Hofmeister, G. E.; Schrock, R. R. J. Am. Chem. Soc.
1994, 116,3414.
(4) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare, M.; O'Regan, M.
J. Am. Chem. Soc. 1990, 112, 3875.
(5) Fox, H. H.; Yap, K. B.; Robbins, J.; Cai, S.; Schrock, R. R. Inorg. Chem. 1992, 31,
2287.
(6) Oskam, J. H.; Schrock, R. R. J. Am. Chem. Soc. 1993, 115, 11831.
(7) Feast, W. J.; Gibson, V. C.; Marshall, E. L. J. Chem. Soc., Chem. Commun. 1992,
1157.
(8) Hofmeister, G. E., Massachusetts Institute of Technology, unpublished results.
(9) Cummins, C. C. Ph.D. Thesis, Massachusetts Institute of Technology, June 1993.
(10) Yanagida, S.; Takahashi, K.; Okahara, M. J. Org. Chem. 1979, 44, 1099.
(11) MacKenzie, W. M.; Sherrington, D. C. J. Chem. Soc., Chem. Commun. 1978, 541.
(12) Heffernan, J. G.; MacKenzie, W. M.; Sherrington, D. C. J. Chem. Soc. Perkin II
1981, 514.
(13) Regen, S. L.; Besse, J. J.; McLick, J. J. Am. Chem. Soc. 1979, 101, 116.
(14) Kimura, Y.; Regen, S. L. Synthetic Communications 1983, 13, 443.
(15) Kimura, Y.; Kirszensztejn, P.; Regen, S. L. J. Org. Chem. 1983, 48, 385.
(16) Vaughan, W. M.; Abboud, K. A.; Boncella, J. M. Organometallics 1995, 14, 1567.
Chapter 1 REFERENCES
(17) cf. Part I-Chapter 3 of this thesis.
(18) Schrock, R. R.; Lee, J.-K.; O'Dell, R.; Oskam, J. H. Macromolecules 1995, 28,
5933.
(19) Wolf, J. R. Ph.D. Thesis, Massachusetts Institute of Technology, February 1993.
(20) Bazan, G.; Khosravi, E.; Schrock, R. R.; Feast, W. J.; Gibson, V. C.; O'Regan, M.
B.; Thomas, J. K.; Davis, W. M. J. Am. Chem. Soc. 1990, 112, 8378.
(21) bin Alimunia, A.; Blackmore, P. M.; Edwards, J. H.; Feast, W. J.; Wilson, B.
Polymer 1986, 27, 1281.
(22) Tabor, D. C.; White, F. H.; Collier, L. W.; Evans, S. A. J. Org. Chem. 1983, 48,
1638.
Chapter I REFERENCES
PART I
CHAPTER 2
Study of Chiral Alkylimido
Molybdenum ROMP Catalysts
INTRODUCTION
Complexes of the type Mo(CHR)(NAr)(OR')2 have been extensively studied for many
different substituted arylimido ligands and have yielded poly(norbornenes) and
poly(norbornadienes) with narrow molecular weight distributions. 1 The alkylimido
counterpart has, on the other hand, been very successful at effecting alkyne metathesis.
Polyenes have been prepared by cyclopolymerization of dipropargyl monomers and by
polymerization of alkynes using Mo(CHR)(NR')(OR") complexes. 2-5
Chiral arylimido molybdenum ROMP initiators have been studied and were reported in
Chapter 1. In order to fully assess the role of chiral imido ligands in the control over
polymer tacticity, investigation of chiral alkylimido was warranted. In addition to gaining
insight into the tacticity issue, this study has unveiled interesting aspects of the
mechanism involved in the synthesis of molybdenum ROMP initiators. The results
described in this chapter are therefore twofold: first, the use of different alkoxides in the
synthesis of Mo(CHR)(NR')(OR") 2 initiators is analyzed with respect to mechanistic
consequences; and second, the effectiveness of the isolated complexes at generating
highly tactic poly(2,3-disubstituted norbornadienes) is discussed.
RESULTS AND DISCUSSION
Chiral Alkylamines as Parent Imido Ligand
Many chiral primary amines are available from commercial sources, some in
enantiomerically pure form. However, reaction of (R)-a-methylbenzylamine with the
standard reagents to prepare Mo(NCHMePh) 2C12(DME) gave black decomposition
products (eq 1). Attempts to substitute DME by a more strongly coordinating base such
as pyridine did not show any improvement. Decomposition pathways involving the
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hydrogen atom on the alpha carbon are probably responsible for such results. In order to
support this hypothesis, tert-alkyl primary amines were investigated.
Y2 (NH4)2~Mo207 2 PhMeCHNH 2, NEt 3 (xs) Mo(NCHMePh)2 2ME) (1)
2 7  Me3SiCl (xs), DME (xs) X M(NCHMePh) 2 )2(DME) (1)
Synthesis of tert-Alkylamines
Unfortunately, very few tert-alkylamines are commercially available, and among those
which are, the extent of discrimination between alkyl groups is minimal. Tertiary
alcohols have been treated with azidotrimethylsilane and boron trifluoride diethyl etherate
to give the corresponding tert-alkylazide which upon reduction generates the desired tert-
alkylamine 1 (Scheme I).6
Scheme I. Synthesis of tert-Alkylamines from the Parent Tertiary Alcohol.
R' R"
TMSN 3  LiA1H4  1) HCI (aq) R
BF 3*Et20 2) KOH (aq)*
OH NH2
1
The experimental procedure outlined in Scheme I was used to synthesize a series of tert-
alkylamines in high yield: la (R = R' = Me, R" = Ph), lb (R = Me, R' = Et, R" = Ph), and
1c (R = Me, R' = i-Pr, R" = Ph). A fourth bulkier amine (R = Me, R' = t-Bu, R" = Ph)
could not be isolated from this approach. a,a-(Methyl)(isopropyl)benzylamine (Ic) was
used as the parent amine for the synthesis of chiral molybdenum alkylidene ROMP
initiators.
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Transmetallation of Mo(CHCMe2Ph)(NCMePh- i-Pr)(OTf)2(DME)
The molybdenum complex Mo(CHCMe 2Ph)(NR*)(OTf) 2(DME) (NR* = NCMePh-i-Pr)
(4) was prepared from the chiral tert-alkylamine ic according to the literature (Scheme
1I).7,8 Compound 4 was treated with two equivalents of a series of alkoxides and
phenoxides (Scheme III). The corresponding alkylidene imido complex 5 was isolated in
most cases. However, a mixture of alkylidene imido 5 and alkylidyne amido 6 complexes
was observed on use of lithium tert-butoxide or potassium hexafluoro-tert-butoxide;
decomposition resulted from use of potassium tert-butoxide.
Scheme II. Synthesis of Mo(CHCMe 2Ph)(NR*)(OTf) 2(DME) (NR* = NCMePh-i-Pr).
nh 2 R*NH 2, NEt3 (xs) O Mo(NR)2(C) 2(DME)S(NH4)2MO20 7  Me3SiCl (xs), DME (xs)
2
2 PhMe 2CCH2MgCl
Mo(CHCMe 2Ph)(NR*)(OTf) 2(DME) DME Mo(CH 2CMe 2Ph)2(NR )2
4 3TfOHR NH3OTf 3 TfOH
RESULTS AND DISCUSSIONChapter 2
Scheme III. Transmetallation of Mo(CHCMe 2Ph)(NR*)(OTf) 2(DME) with Alkoxides
and Phenoxides ((i) KORFo; (ii) LiORFO, KORF6; (iii) LiORF3, LiORF6,
LiO-2,6-C6H3-Me 2, KO-2,6-C 6H 3-Ph 2) (RFo = CMe3, RF3 = CMe2CF3,
RF6 = CMe(CF3)2).
Mo(CHMe 2Ph)(NCMePh-i-Pr)(OTf) 2(DME) (4)
i-Pr
decomposition II Ph
iP i-Pr RO Mo0.
_...4Ph RO
N + NH
II Ph + I 5b (R=RF3);
RO Ps Mo % ROIP Mo, c (R=RF6);
RO O d (R=2,6-C6H3-Me2);
e (R=2,6-C6 H3-Ph 2)
5a (R=RFo); 6a (R=RFo);
c (R=RF6) c (R=RF6)
In order to study the polymerization behavior of the above alkylidene catalysts,
separation of the alkylidene imido complex 5a from the alkylidyne amido complex 6a
was attempted. However, their high solubility in nonpolar organic solvents such as
pentane, ether, and hexamethyldisiloxane prevented preferential recrystallization of one
of these species over the other. Neither photolytic (366 nm, -60 "C, 24 h) nor thermal
treatment (105 "C, 18 h) of a mixture of 5a and 6a significantly altered the ratio of the
two, nor did addition of a catalytic amount of triethylamine. A similar case with tungsten
has been observed where W(CH-t-Bu)(NAr)(OCMe(CF 3) 2) 2  and W(C-t-
Bu)(NHAr)(OCMe(CF 3) 2) 2 are stable species that cannot be interconverted. 7,9,10 In light
of previous ligand exchanges between the hexafluoro-tert-butoxide arylimido alkylidene
molybdenum complexes and lithium tert-butoxide, 3 an excess of lithium tert-butoxide
was added to compound 5c (eq 2). A mixture of alkylidene 5a and alkylidyne 6a
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complexes was however observed, as in the transmetallation from the bis(triflato) 4 with
lithium tert-butoxide. Interestingly, a similar mixture was also obtained when the pure
alkylidene Mo complex 5c was stirred in solution in the presence of potassium
hexafluoro-tert-butoxide (eq 3).
5c + 3 LiORFo -- 5a + 6a (2)
5c + 2KORF6 -5c + 6c (3)
Insights into Mechanisms Involved in the Synthesis of Mo(CHCMe2Ph)(NR*)(OR)2
The dependence of the complex obtained on the nucleophile used (Scheme III) suggests
that the synthesis of molybdenum(VI) alkylidene catalysts does not involve a simple
nucleophilic displacement of the triflato ligands on Mo(CHR)(NR')(OTf) 2(DME)-type
complexes. A fast equilibrium between monotriflatos 7 and 8 involving some proton
exchange might be responsible (Scheme IV). Depending on the rate of the second
displacement, either the desired product 5 or a mixture of alkylidene imido (5) and
alkylidyne amido (6) complexes is obtained. Greater nucleophilicity of the alkoxide
translates into formation of a mixture of alkylidene 5-obtained from 7-and alkylidyne
6--obtained from 8--complexes. The pKa values may be used as an estimate of the
nucleophilicity of the alkoxides, along with the nature of the countercation.
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Scheme IV. Proposed Mechanism for the Substitution of the Triflato Ligands by
Alkoxides.
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In addition to supporting the formation of complex 5 from "weakly" nucleophilic
alkoxides, the experimental evidence reported above suggests the need for a weakly basic
parent amine. The extent to which the equilibrium between 7 and 8 can take place
depends on the relative basicity of the imido nitrogen and of the alkylidene carbon; the
proportion of 6 observed will further be dependent on the rate of the alkoxide exchange
reaction, and thus on the strength of the incoming nucleophile. Use of stronger
nucleophiles limits the kinetic discrimination on the final step, affording mixture of 5 and
6. The behavior outlined above has never been reported for arylimido complexes. This is
not surprising considering that the Ka values of arylamides (ArNH 3+ ) are typically six
orders of magnitude higher than for alkylamides (RNH 3+), and the arylimido can
therefore be assumed to be much less basic than the alkyl homologue.11 Alkylimido
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mono(alkoxido) mono(triflato) alkylidene complexes (7) are therefore much more likely
to undergo the proposed proton exchange than the corresponding arylimidos.
This intrinsic problem related to alkylamines could possibly be circumvented by using
fluorinated substituents. Attempts to isolate a,a-(methyl)(trifluoromethyl)benzylamine
(ld) have been unsuccessful (eq 4). Hexafluoro-tert-butylamine has been prepared by our
group but its low nucleophilicity afforded the mixed oxo imido species
Mo(NCMe(CF 3) 2)(O)Cl2L2 (L = py; 2,4-py-Me2) which did not give satisfactory results
in further reactions. 12 Fine tuning of the amine basicity is therefore a very critical
parameter. A strongly basic amine promotes formation of the alkylidyne amido
complexes 6. In contrast, an amine bearing strong electron-withdrawing groups decreases
the nucleophilicity of the amine, thereby preventing the formation of the desired
products.
0 OH NH2
1) MeMgBr 1) TMSN3/BF3*Et2O (4)
2) H20 2) LiAlH4  A (4)
F3  Ph 3C Ph F3CPh
ld
Because alkylidyne amido 6 is also isolated from alkylidene imido 5 (eq 2-3), a second
mechanism is also possible. In this case, the amido complex is obtained by deprotonation
of the alkylidene proton on 5 followed by a series of substitutions and protonations
(Scheme V). The much greater basicity of the alkylidyne carbon on 9 and 10 relative to
nitrogen again probably explains the absence of alkylidyne arylamido complexes.
Although the experimental evidence presented here seems to favor the mechanism
outlined in Scheme V, the formation of complex 6 from 8 (Scheme IV) cannot be ruled
out.
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Scheme V. Generation of Alkylidyne Amido Complexes under Proton Transfer
Conditions.
FmO" FmOH
(m = 0, 6)
FmO"
FmO FmOH
alkylidene (5)+ alkylidyne (6) ' '
i-Pr
Ph
N I Ph
.F Mo
2 FmO'
2 F60"
i- Pr
N
II Ph
FF Mo
Polymerization of Disubstituted Norbornadienes
The activity of complexes 5a-e toward the ring-opening metathesis polymerization of
2,3-dicarbomethoxynorbornadiene and 2,3-bis(trifluoromethyl)norbornadiene was
investigated under various conditions (Table I). Given that 5a could not be isolated, a
mixture of alkylidene imido (5a) and alkylidyne amido (6a) complexes was used to
qualitatively determine its activity. Polydispersity (Mw/Mn) is reported only for polymers
obtained in high (>90%) yields. Polymerization at low temperatures (-30 *C), in THF, or
using catalysts with electron-rich alkoxido ligands (5a) usually gave low yield (<15%) of
the polymer.
i-Pr
Ph
N
F60%Mo
F60
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Table I. Polymerization Results of Chiral Alkylimido Catalysts 5a-5e
Entry Catalyst Monomer Solvent temp trans (%) Yield Mw/Mn
1 5a DCMNBD toluene RT 84 low (21 h)
2 NBDF6 toluene RT 59 low (21 h)
3 5b DCMNBD toluene RT 79 high 1.37
4 toluene -30 "C 63 low (21 h)
5 THF -30 "C 77 low (21 h)
6 toluene 65 "C 74 high 1.51
7 NBDF6 toluene RT 61 high
8 THF RT 58 low (21 h)
9 DCM*NBD a  toluene RT 90 high 1.11
10 5c NBDF6 toluene RT 77 high 1.35
11 5d NBDF6 THF RT 85 mod (21 h)
12 toluene RT 83 high
13 5e DCMNBD toluene RT 50 low (1.5 h)
14 THF RT 57 low (21 h)
aDCM*NBD = 2,3-bis(((-)-menthyloxy)carbonyl)norbornadiene.
The results obtained (Table I) from the polymerization of norbornenes with
Mo(CHMe2Ph)(NCMePh-i-Pr)(OR) 2 (5) suggest that control of the polymer tacticity
from chiral alkylimido ligand is very difficult, if not impossible. In order to easily
determine tacticity, one must be able to control the configuration of the main-chain
double bonds. Despite acceptable polydispersities (M/IMn) in the case of reactions giving
high yields, the configuration of the main-chain double bonds varied from 50 to 90% of
trans bias. Entries 3, 4 and 6 of Table I show that the temperature at which the
polymerization is studied has very little effect on the nature of the double bond, in
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contrast with previous results for arylimido complexes. 12 As a result of this mixture of cis
and trans double bonds in the polymer main-chain, conclusions as to the tacticity are
rather precarious.
Given the "clean" polymer obtained by ROMP of DCMNBD with initiator 5b (entry 4,
Table II and Fig. 1), polymerization of 2,3-bis(((-)-menthyloxy)carbonyl)norbornadiene
(DCM*NBD) was performed in an attempt to study tacticity by COSY NMR. The
chemical shifts of the 13C{ 1H} nuclear magnetic resonances (Fig. 1) and Figure 2 suggest
that the polymer isolated from 5b is trans syndiotactic. Coupling of the olefinic protons
on the COSY NMR spectrum (Fig. 2) would have indicated a trans isotactic polymer. A
very similar spectrum has previously been reported for a known trans syndiotactic
polymer. 13 As mentioned above, however, caution should be employed in drawing
conclusions from a system in which main-chain double bonds are not 100% cis or 100%
trans.
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Figure 2. COSY NMR of Poly(DCM*NBD) Obtained from 5b (Entry 9, Table II; only
the main chain olefinic chemical shifts are shown).
The syndiotactic nature of the polymer suggests that the chain-end control of the polymer
tacticity overrides the intended enantiomorphic metal-site control. The fact that the
norbornadiene substrate with the bulkiest side-groups, as in DCM*NBD, gives a higher
trans-content than either DCMNBD or NBDF6 also supports chain-end control. As
alluded to in the previous chapter, rotation of the chiral group around the Mo-N-C axis
probably explains the poor selectivity arising from the metal chirality. In an attempt to
hamper this rotation, the synthesis of an ortho-substituted phenyl homologue to amine Ic
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was undertaken. However, compound le could not be prepared by the described method
(eq 5).
1) i-PrMgCl
2) H20
1 ) TMSN3/BF3*Et2O (5)
2) LAH
CONCLUSIONS
This study on chiral alkylimido ligands has provided some insight into the synthesis of
molybdenum alkylidene ROMP initiators. Attempted syntheses of
Mo(NCHMePh) 2C1 2(L) (where L = DME, 2 py) were not successful due to
decomposition pathways involving the hydrogen atom on Ca. The use of tert-alkylamines
prevented such pathways, thereby allowing the synthesis of precursors 2, 3, and 4.
The observation of alkylidyne amido complexes 6 in reactions with
Mo(CHCMe2Ph)(NR*)(OTf) 2(DME) (4) and with Mo(CHCMe2Ph)(NR*)(ORF 6 )2 (5c)
sheds light on the mechanism involved in the synthesis of alkylidene complexes. The
basicity of the nitrogen atom appears to play an important role in the formation of 6.
Alkylidyne arylamido complexes have never been observed, probably due to the lower
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I
e
1) TMSN3/BF3eEt20 
(5)
2) LAH
I
I
CONCLUSIONSChapter 2
basicity of the nitrogen. Mechanisms were proposed to account for the generation of
complex 6.
The polymerization results obtained from complexes 5a-e suggest that control over the
stereoregularity using chiral alkylimido ligands may be very difficult. No polymer with
100% cis or 100% trans main-chain double bonds was isolated. Assuming that the
monomer approaches the CNO face of the catalyst, as has been shown for arylimido
complexes, these results indicate that the relative reactivity of one rotamer is not
substantially greater than the opposite rotamer. They may also imply approach of the
monomer toward the COO face, or a combination of both CNO and COO faces, for
which a bias toward trans polymers would probably be favored. Some preliminary work
from our group has indeed shown peculiar behavior of Mo(CHCMe2Ph)(NAd)(ORF6)2
(Ad = 1-adamantyl). 14
Poly(DCM*NBD) was used to determine the tacticity of the polymers obtained with
Mo(CHCMe2Ph)(NCMePh-i-Pr)(ORF 3)2 (5b) as catalyst. Although the COSY NMR
experiment was performed on a polymer containing 10% cis double bond, the absence of
cross-coupling between both olefinic protons suggests a bias toward syndiotacticity. As
concluded in the previous chapter, such result indicates control over tacticity by the
chirality on the growing polymer chain-end rather than on the imido ligand. This study of
alkylimido and arylimido ligands therefore demonstrated the limited role of imido-borne
chirality in the control of polymer tacticity. Ligands such as those illustrated in Chapter 3
should give more satisfactory results given their high rigidity.
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General Considerations
Unless otherwise stated, all experiments were performed under a nitrogen atmosphere in
a Vacuum Atmospheres drybox or under an Ar atmosphere using standard Schlenk
techniques. Pentane was washed with H2SO4:HNO 3 (95:5 v/v), NaHCO3, and water,
stored over CaC12, and distilled from sodium benzophenone ketyl under N2. Reagent
grade C6H6, Et20, DME, THF, and toluene were distilled from sodium benzophenone
ketyl under nitrogen. CH 2Cl 2 was distilled over CaH2 under N2. Polymerization grade
toluene was stored over Na/K alloy and passed through A1203 prior to use.
All chemicals used were reagent grade and were purified by standard methods. 2,3-
Bis(trifluoromethyl)norbornadiene (NBDF6),15 2,3-dicarbomethoxynorbornadiene
(DCMNBD), 16 and 2,3-bis((menthyloxy)(carbonyl)norbornadiene (DCM*NBD) 13 were
prepared as described in the literature. Safety Note: because of the nature of this work, all
experimental work related to azides was performed on a small scale behind a protecting
shield.
HPLC grade CH2C12 was in gel permeation chromatography (GPC) used and distilled
over CaH2 under N2 prior to use. The solvent was passed through the columns with a
Knauer HPLC pump at a 1.0-mL/min flow rate. GPC was carried out using Jordi gel
divinylbenzene mixed bed columns (L = 250 mm, i.d. = 10 mm) coupled with a
Spectroflow 757 UV-Visible absorbance detector, a Wyatt Technology miniDawn light
scattering detector (20 mW semiconductor laser, X = 690 nm, 3 detection angles: 45", 90",
and 135") on samples 0.4-0.6% (w/v) in CH 2C12 which were filtered through a Millex-SR
0.5-gm filter in order to remove particulates. The polymer solution was injected
employing a Rheodyne Model 7725 100-p1L sample injector. The light scattering detector
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were calibrated polystyrene (Mw = 3600). NMR data were obtained at 300 MHz (1H),
500 MHz (COSY), and 75.43 MHz ( 13C) on Varian XL and Unity spectrometers at room
temperature. Spectra were reported in parts per million downfield from tetramethylsilane
for proton and carbon.
Experimental Procedures
Mo(N-(R)-CHMePh) 2CI2(DME). A Schlenk tube was charged with Mo2(NH4)207 (284
mg; 0.835 mmol), NEt 3 (0.92 mL; 6.64 mmol; 8 equiv), Me3SiCI (1.90 mL; 15.0 mmol;
18 equiv), (R)-(+)-a-methylbenzylamine (405 mg; 36.5 mmol; 4 equiv), and 20 mL
DME. The mixture was stirred at 65 "C for 5.5 h. Precipitate readily formed and the
solution turned very dark red. The mixture was filtered through Celite and washed with
portions of DME until the filtrate was colorless. The volatiles were removed in vacuo to
yield 596 mg of material. 1H NMR did not show the expected product. The same reaction
was also performed in pyridine only to yield a very viscous black oil.
a,a-dimethylbenzylamine (la). 2-Phenyl-2-propanol (1.73 g; 12.7 mmol) and Me 3SiN 3
(2.00 mL; 15.2 mmol) were dissolved in 20 mL C6H6. The reaction mixture readily
became cloudy white upon careful addition of BF 3*Et20 (1.86 mL; 15.2 mmol). The
reaction was stirred for 24 h and then poured into 30 mL water. The azide was extracted
with 2 x 20 mL C6H6. The combined organic layer were washed with water (20 mL) and
10% NaHCO3(aq) (20 mL). The organic layer was dried over Na2SO 4 and used as was
for reduction to the corresponding amine. A slurry of LiAlH 4 (1.42 g; 37.4 mmol) in
30 mL Et20 was prepared. The anhydrous C6H 6 solution containing the azide (6.33
mmol) was carefully added to the reducing agent over 1 h. The mixture was heated under
reflux conditions for 18 h. The mixture was then cooled to 0 "C and EtOAc was added
until the vigorous reaction subsided. Saturated NH4Cl(aq) and water were subsequently
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added. The slurry was filtered and washed with C6H6 . The filtrate was washed with
brine. HCl(g) was bubbled through the organic solution. Addition of Et20 caused the
precipitation of white solid. The amine (1.46 g; 85%) was recovered by extraction with
Et20 under basic conditions. 1H (CDC13): 8 7.48 (d, J = 8, 2H, ortho-H), 7.33 (dd, J = 8,
J= 8, meta-H), 7.23 (t, J = 8, para-H), 1.57 (s, 6H, methyl).
a,a-ethyl-methyl-benzylamine (Ib). Me3SiN 3 (3.00 mL, 22.8 mmol) was added to 2-
phenyl-2-butanol (2.87 g; 19.1 mmol) in 50 mL C6H6. BF3*Et20 (2.80 mL; 22.8 mmol)
was then added. The solution was stirred at room temperature for 24 h. The solution was
added to 80 mL water. The azide was extracted with C6H6. The organic layer was washed
with water and brine and dried over Na2SO4. The corresponding azide (19.1 mmol) in
C6H 6 (150 mL) was added to a slurry of LiAlH 4 (2.02 g; 53.2 mmol) in C6H6 (150 mL)
over 1 h. N2 evolved upon addition. The mixture was heated under reflux for 3 d. EtOAc
and saturated NH4Cl(aq) were added to the cooled mixture. The mixture was then filtered
and the cake was rinsed with C6H6 . The filtrate was washed with water and brine and
dried over Na2SO4. The solvent was removed and 2.47 g (87%) of the desired product
was obtained. 1H NMR (C6D6): 5 7.38 (d, J = 7, 2H, ortho H), 7.20 (dd, J = 7, 2H, meta
H), 7.09 (t, J = 7, 1H, para H), 1.59 (dq, J = 7, 1H, CH 2CH3 ), 1.51 (dq, J = 7, 1H,
CH 2CH3), 1.24 (s, 3H, CH2CH 3), 1.06 (bs, 2H, NH 2), 0.64 (dd, J = 7, 3H, CH2CH 3);
13C{ 1H} NMR (C6D6): 8 149.4 (Cipso), 128.2, 126.1, 125.9 (Ar), 55.0 (NC), 37.9
(NC CH3), 31.2 (CH 2CH3), 8.8 (CH2CH3).
3-Methyl-2-phenyl-2-butanol. MeMgBr (3 M in Et20; 28.0 mL; 84.0 mmol) was added
dropwise to a solution of isobutyrophenone (11.0 mL; 74.0 mmol) in 100 mL Et20 at
0 "C. The solution was slowly brought to room temperature and allowed to stir for an
additional 2 d. The slurry was cooled to 0 *C and filtered. The residual solid was washed
with cold ether and then recovered for hydrolysis. The solid was added to water and the
alcohol extracted with Et20. The combined organic layers were washed with brine and
dried over Na2SO4. The solvent was removed under reduced pressure to give 10.9 g
(90%) of the desired product. 1H NMR (C6D 6): 8 7.33 (d, J = 7, 2H, ortho H), 7.15 (dd,
J = 7, 2H, meta H), 7.04 (t, J = 7, 1H, para H), 2.01 (bs, 1H, OH), 1.83 (tt, J = 7, 1H,
CHMe2), 1.30 (s, 3H, OCCH 3), 0.80 (d, J = 7, CHCH 3), 0.75 (d, J = 7, CHCH3);
13C{ 1H) NMR (C6D6): 8 148.5 (Cipso), 127.9, 126.4, 125.7 (Ar), 76.4 (OC), 39.0
(OCCH3), 26.8 (CHMe 2), 17.6 (CHCH3), 17.0 (CHCH3).
a,a-isopropyl-methyl-benzylamine (ic). Me 3SiN3 (2.00 mL, 15.2 mmol) was added to
3-methyl-2-phenyl-2-butanol (2.01 g; 12.4 mmol) in 20 mL C6H6.BF 3*Et20 (1.86 mL;
15.2 mmol) was then added. The solution was stirred at room temperature for 21 h. The
solution was added to 50 mL water. The azide was extracted with benzene. The organic
layer was washed with water and brine and dried over Na2SO4. MePh-i-PrCN 3 (15.2
mmol) in C6H6:Et 20 (70 mL:10 mL) was added to a slurry of LiAlH 4 (1.40 g; 36.9
mmol) in C6H6:Et20 (15 mL:40 mL) over 1 h. N2 evolved upon addition. The mixture
was heated under reflux for 18 h. EtOAc and saturated NH4CI(aq) were added to the
cooled mixture. The mixture was then filtered and the cake was rinsed with C6H6.The
filtrate was washed with water and brine and dried over Na2SO4. The solvent was
removed and 1.86 g (93%) of the desired product was obtained. 1H NMR (C6D6): 8 7.38
(d, J = 7, 2H, ortho H), 7.20 (dd, J = 7, 2H, meta H), 7.09 (t, J = 7, 1H, para H), 1.81 (tt,
J = 7, 1H, CHMe2), 1.20 (s, 3H, NCCH 3), 0.86 (bs, 2H, NH2), 0.78 (d, J = 7, 3H,
CHCH 3), 0.66 (d, J = 7, 3H, CHCH 3); 13C{ 1H) NMR (C6D6): 8 149.9 (Cipso), 128.3,
128.0, 126.1 (Ar), 57.3 (NC), 38.9 (NCCH3), 28.4 (CHMe 2), 17.6 (CHCH3), 17.4
(CH CH3).
1,1-Phenyl(trifluoromethyl)ethanol. MeMgBr (3 M in Et20; 7.0 mL; 21 mmol) was
added dropwise to trifluoromethylphenone (3.01 g; 17.3 mmol) over 10 min at 0 "C. The
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solution was stirred at room temperature overnight and filtered. The white solid was
rinsed with a minimum amount of Et20. The solid was transferred to a flask containing
water. The product was extracted several times with Et20. The combined organic layers
were washed with brine and dried over Na2SO4. Yield: 3.19 g (97%). 1H NMR (C6D6): 8
7.50 (d, J= 7, 2H, ortho H), 7.10 (m, 3H, meta and para H), 1.40 (bs, 1H, OH), 1.40 (s,
3H, Me); 13C{ 1H} NMR (C6D6): 8 139.4 (Cipso), 128.6, 128.5 (Ar), 126.5 (q, J = 286,
CF3), 124.6 (Ar), 74.7 (q, J= 29, COH), 23.3 (s, Me).
a,a-(trifluoromethyl)(methyl)benzylamine (Id). Me3SiN3 (2.00 mL, 15.2 mmol) was
added to 1,1-phenyl(trifluoromethyl)ethanol (2.42 g; 12.7 mmol) in 20 mL C6H6.
BF 3*Et20 (1.86 mL; 15.2 mmol) was then added. The solution was stirred at room
temperature for 21 h. The solution was added to 50 mL water. The azide was extracted
with C6H6. The organic layer was washed with water and brine and dried over Na2SO 4.
The azide (15.2 mmol) in C6H6:Et 20 (70 mL:10 mL) was added to a slurry of LiA1H4
(1.40 g; 36.9 mmol) in C6H6:Et20 (15 mL:40 mL) over 1 h. N2 evolved upon addition.
The mixture was heated under reflux for 20 h. EtOAc and saturated NH 4CI(aq) were
added to the cooled mixture. The mixture was then filtered and the cake was rinsed with
C6H6. The filtrate was washed with water and brine and dried over Na2SO4. The solvent
was removed to recover solely the starting material as evidenced by 1H, 13C, and IR
spectroscopy.
3,3-Dimethyl-2-phenylbutan-2-ol. MeMgBr (3 M in Et20; 6.1 mL; 18 mmol) was
added dropwise to tert-butylphenone (2.50 g; 15.4 mmol) at 0 "C. The solution was
stirred at room temperature overnight. The slurry was cooled to 0 *C and filtered. The
cake was rinsed with cold ether. The white solid was then redissolved in ether. Water was
added and the product extracted with ether. The combined organic layers were washed
with brine and dried over sodium sulphate. The solvent was removed under reduced
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pressure to yield 2.64 g (96%) of pure product. 1H (C6D6): 8 7.38 (d, J= 8, 2H, ortho H),
7.16 (t, J = 8, 2H, meta H), 7.08 (t, J = 8, 1H, para H), 1.46 (s, 1H, OH), 1.34 (s, 3H,
Me), 0.91 (s, 9H, t-Bu); 13C{ 1H} (C6D6): 8 146.9 (Cipso), 127.6, 127.2, 126.4 (Ar), 78.1
(COH), 38.2 (CH 3COH), 26.1 (Me3C), 25.2 (Me3C).
a,a-methyl-tert-butyl-benzylamine. Me 3SiN 3 (2.00 mL, 15.2 mmol) was added to 3,3-
dimethyl-2-phenylbutan-2-ol (2.26 g; 12.7 mmol) in 20 mL benzene. BF 3*Et20 (1.86
mL; 15.2 mmol) was then added. The solution was stirred at room temperature for 21 h.
The solution was added to 50 mL water. The azide was extracted with benzene. The
organic layer was washed with water and brine and dried over sodium sulphate.
t'-BuMePhCN 3 (15.2 mmol) in C6H6:Et20 (70 mL:10 mL) was added to a slurry of
LiAlH4 (1.44 g; 37.9 mmol) in C6H6:Et20O (15 mL:40 mL) over 1 h. N2 evolved upon
addition. The mixture was heated under reflux for 18 h. EtOAc and saturated NH4Cl(aq)
were added to the cooled mixture. The mixture was then filtered and the cake was rinsed
with C6H6. The filtrate was washed with water and brine and dried over Na2SO4. The
solvent was removed and 1.48 g (66%) of the starting alcohol was recovered.
Mo(NCMePh-i-Pr)2C12(DME) (2). A Schlenk tube was charged with (NH4) 2Mo20 7
(522 mg; 1.54 mmol), NEt3 (2.49 g; 24.6 mmol; 16 equiv), Me3SiCl (3.81 g; 55.5; 36
equiv), compound Ic (1.00 g; 6.12 mmol; 4 equiv) and 60 mL DME. The mixture was
stirred for 22 h at 60 "C and thereafter filtered through Celite. The solid was washed
several times with DME. The volatiles were removed in vacuo to yield 1.25 g (71%) of
yellow solid. 1H NMR (C6D6): 8 (major) 7.54 (d, J = 7, 2H, ortho H), 7.24 (dd, J= 7, 2H,
meta H), 7.07 (m, 1H, para H), 3.39 (s, 6H, CH 30), 3.20 (s, 4H, OCH 2), 2.15 (tt, J = 7,
1H, CHMe2), 1.63 (s, 3H, NCCH 3), 0.98 (d, J= 7, CHCH 3), 0.64 (d, J = 7, CHCH 3),
(minor) 7.54 (d, J= 7, 2H, ortho H), 7.17 (dd, J= 7, 2H, meta H), 7.07 (m, 1H, para H),
3.39 (s, 6H, CH30), 3.20 (s, 4H, OCH2), 1.98 (tt, J = 7, 1H, CHMe2), 1.72 (s, 3H,
EXPERIMENTALChapter 2
NCCH 3), 0.98 (d, J = 7, CHCH 3), 0.76 (d, J = 7, CHCH 3); 13C{ 1H) NMR (C6D6 ): 8
(major) 145.0 (Cipso), 127.0 (Ar), 84.2 (NC), 70.9 (OCH 2), 62.1 (CH 30), 41.4 (NCCH3),
22.3 (CHMe2), 18.6 (CHCH3), 18.5 (CHCH3).
Mo(CH2CMe2Ph) 2(NCMePh-i-Pr)2 (3). Mo(NCMePh-i-Pr)2C12(DME) (2) (3.15 g;
5.44 mmol) was dissolved in 30 mL Et20 and 20 mL toluene and cooled down to -30 "C.
Neophyl magnesium chloride (0.882 M in THF; 12.4 mL; 10.9 mmol) was added over
10 min. The solution was allowed to stir at room temperature for 22 h. The solvents were
evaporated under reduced pressure and the product extracted with Et20. Yield: 4.06 g
(100%). 1H NMR (C6D6): 8 (major) 7.30-7.45 (m, 8H, ortho H), 7.17-7.30 (m, 8H, meta
H), 7.09-7.16 (m, 4H, para H), 1.97 (tt, 2H,CHMe2), 1.50 (s, 6H, CMe2Ph), 1.47 (s, 6H,
CMe2Ph), 1.32 (s, 6H, NCMe), 0.98 (d, J = 6, 6H, CHMe2), 0.63 (d, J = 6, 6H, CHMe2);
13C{ 1H} NMR (C6D6 ): 8 (major) 152.0 (CMe 2Cipso), 146.7 (CMe-i-PrCipso), 128.5,
127.8, 127.2, 126.5, 126.1, 125.8 (Ar), 79.4 (NC), 40.2 (CMe2Ph), 33.2 (CMe2Ph), 24.1
(CHMe 2), 18.7 (CHCH3), 18.6 (CHCH3).
Mo(CHCMe 2Ph)(NCMePh-i-Pr)(OSO 2CF 3)2 (DME) (4). A solution of
Mo(CH2CMe2Ph)2(NCMePh-i-Pr) 2 (3) (766 mg; 1.12 mmol) in 25 mL DME at -30 "C
was treated with a chilled solution of triflic acid (504 mg; 3.36 mmol) in 10 mL DME.
The solution was stirred at room temperature for 20 h. The solvent was removed in
vacuo. The oil was diluted with the minimum amount of Et20 and stored at -30 "C for
12 h. The resulting white solid was filtered and washed with the minimum amount of cold
Et20 to yield the pure bis(triflato) complex (494 mg; 58%). 1H NMR (C6D6): 8 (major)
14.04 (s, 1H, CHCMe2Ph, syn), 6.42-7.51 (m, 10 H, Ar), 2.75-3.40 (bm, 11H, CHMe2
and DME), 1.77 (s, 3H, CHCMe2Ph), 1.76 (s, 3H, CHCMe2Ph), 1.66 (s, 3H, NCMe),
0.78 (d, J= 6, 3H, CHMe2), 0.65 (d, J= 6, 3H, CHMe2).
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Mo(CHCMe2Ph)(NCMePh-i-Pr)(OCMe 3)2 (Sa). LiO-t-Bu (67 mg; 0.84 mmol) was
slowly added as a solid to a slurry of Mo(CHCMe2Ph)(NCMe-
i-PrPh)(OSO 2CF 3)2(DME) (4) (300 mg; 0.385 mmol) in 30 mL Et20 at -30 "C. The
colorless solution readily turned orange-red. The solution was stirred at room temperature
for 18 h after which the solvent was removed in vacuo. The residue was extracted with
cold pentane. Yield: 204 mg; 99%. 1H NMR (C6D 6): 8 (alkylidene imido complex 5a)
11.03 (s, 1H, CHCMe 2Ph), 6.97-7.67 (m, 10H, Ar), 2.15 (tt, J = 7, 1H, CHMe 2 ), 1.75 (s,
3H, Me), 1.67 (s, 6H, Me), 1.24 (s, 9H, O-t-Bu), 1.23 (s, 9H, O-t-Bu), 1.02 (d, J = 7, 6H,
CHMe2); (alkylidyne amido complex 6a) 8.56 (bs, 1H, NH), 6.97-7.67 (m, 10H, Ar),
2.07 (tt, J= 7, 1H, CHMe2), 1.72 (s, 3H, Me), 1.61 (s, 6H, Me), 1.42 (s, 9H, O-t-Bu), 1.29
(s, 9H, O-t-Bu), 0.90 (d, J= 7, 6H, CHMe2), 0.54 (d, J= 7, 6H, CHMe2); 13C{ 1H} NMR
(C6D6): 8 298.0 (6a alkylidyne C ), 257.9 (Sa alkylidene CH).
Mo(CHCMe2Ph)(NCMePh-i-Pr)(OCMe 2CF3)2 (5b). LiOCMe 2CF 3 (69 mg; 0.51
mmol) was slowly added as a solid to a slurry of complex 4 (200 mg; 0.257 mmol) in 20
mL Et 20 at -30 "C. The colorless solution readily turned orange-red. The solution was
stirred at room temperature for 17 h after which the solvent was removed in vacuo. The
solid was extracted with cold pentane. Yield: 144 mg; 87%. 1H NMR (C6D6): 8 (major,
syn, 97%) 11.79 (s, JCH= 117, 1H, CHCMe 2Ph), 6.97-7.50 (m, 10H, Ar), 2.12 (tt, J= 6,
1H, CHMe2), 1.68 (s, 3H, Me), 1.56 (s, 3H, Me), 1.49 (s, 3H, Me), 1.23 (s, 3H,
OCMe2CF3), 1.19 (s, 3H, OCMe2CF3), 1.15 (s, 3H, OCMe2CF3), 1.14 (s, 3H,
OCMe2CF 3), 0.96 (d, J = 6, 3H, CHMe2), 0.88 (s, J = 6, 3H, CHMe2); (minor, anti, 3%,
partially assigned) 12.63 (s, CHCMe 2Ph, anti, 3%).
Mo(CHCMe2Ph)(NCMePh-i-Pr)(OCMe(CF 3)2)2 (Sc). LiOCMe(CF 3)2 (268 mg; 1.43
mmol) was slowly added as a solid to a slurry of complex 4 (552 mg; 0.710 mmol) in
.40 mL Et2O at -30 "C. The colorless solution readily turned orange-red. The solution was
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stirred at room temperature for 5 h after which the solvent was removed in vacuo. The
molybdenum catalyst was extracted from the residual solid with cold pentane. The
complex solidified from a concentrated solution of pentane only after one month at
-30 "C. Yield: 468 mg; 88%. 1H NMR (C6D6): 8 (alkylidene imido complex 5c, syn,
97%) 11.79 (s, JCH = 120, 1H, CHCMe2Ph), 7.00-7.34 (m, 10H, Ar), 2.09 (tt, J= 6, 1H,
CHMe2), 1.62 (s, 3H, Me), 1.46 (s, 3H, Me), 1.35 (s, 3H, Me), 1.16 (s, 3H, Me), 1.08 (s,
3H, Me), 0.89 (d, J = 6, 3H, CHMe2), 0.75 (s, J = 6, 3H, CHMe2); (minor, anti, 3%,
partially assigned) 13.04 (s, CHCMe2Ph); (alkylidyne amido complex 6c) 10.54 (bs, 1H,
NH), 7.00-7.41 (m, 10H, Ar), 1.96 (tt, J = 6, 1H, CHMe2), 1.51 (s, 3H, Me), 1.47 (s, 3H,
Me), 1.45 (s, 3H, Me), 1.36 (s, 3H, Me), 1.33 (s, 3H, Me), 0.63 (d, J = 6, 3H, CHMe2),
0.56 (s, J = 6, 3H, CHMe2); 13C { 1H} NMR (C6D6): 8 279.6 (syn alkylidene), 148.0
(Cipso), 144.5 (Cipso), 128.5, 128.1, 127.9, 126.5, 126.4, 126.1 (Ar), 88.2 (NC), 51.8,
49.6, 42.9 (NCMe), 30.6 (CMe2Ph), 30.3 (CMe2Ph), 29.2, 23.9 (CHMe), 19.9, 18.3
(CHMe2), 17.9 (CHMe2).
Mo(CHCMe2Ph)(NCMePh-i-Pr)(O-2,6-C 6H3-Me2)2  (5d). To a solution of
Mo(CHCMe2Ph)(NCMePh-i-Pr)(OTf) 2(DME) (150 mg; 0.193 mmol) in 12 mL Et20 at
-30 'C was added LiO-2,6-C 6H3-Me2 (54 mg; 0.422 mmol) in 3 mL Et20. The solution
was stirred at room temperature for 4 h. The solvents were evaporated and the solid
extracted with pentane. The solution was concentrated and allowed to recrystallized at
-30 "C. Yield: 123 mg (88%). 1H NMR (C6D6): 8 (major, syn base-free, 83%) 11.45 (s,
1H, CH), 6.70-7.35 (m, 16H, Ar), 2.45 (O-2,6-C6H3-Me2), 2.40 (O-2,6-C6H3-Me2), 2.06
(sept, J= 7, 1H, CHMe2), 1.72 (s, 3H, CMe2Ph), 1.43 (s, 6H, CMe2Ph and NCMe), 0.94
(d, J = 7, 3H, CHMe2), 0.66 (d, J = 7, 3H, CHMe2); (minor, syn base-adduct, 17%,
partially assigned) 12.79 (s, 1H, CH), 7.30 (d, J= 8, 2H, Ar), 3.38 (b, 2H, THF), 2.33 (0-
2,6-C6H3-Me2), 2.30 (O-2,6-C6H3-Me2), 1.67 (s, 3H, CMe2Ph); 1H NMR (toluene-d8): 8
Chapter 2 EXPERIMENTAL
EXPERIMENTALChapter 2
(major, syn base-free, 82%) 11.30 (s, 1H, CH), 6.70-7.16 (m, 16H, Ar), 2.33 (0-2,6-
C6H3-Me2), 2.28 (O-2,6-C6H3-Me2), 2.06 (sept, J = 7, 1H, CHMe2), 1.64 (s, 3H,
CMe2Ph), 1.34 (s, 3H, CMe2Ph or NCMe), 1.32 (s, 3H, CMe2Ph or NCMe), 0.85 (d,
J= 7, 3H, CHMe2), 0.59 (d, J = 7, 3H, CHMe2); (minor, syn base-adduct, 18%, partially
assigned) 12.66 (s, 1H, CH), 7.26 (d, J = 8, 2H, Ar), 3.35 (b, 2H, THF), 2.21 (0-2,6-
C6H3-Me2), 2.19 (0-2,6-C6H3-Me2), 1.61 (s, 3H, CMe2Ph), 0.74 (d, J = 7, 3H, CHMe2),
0.73 (d, J = 7, 3H, CHMe2); 13C{ 1H} NMR (C6D6): 8 (major) 271.1 (syn alkylidene,
base-free), 165.3, 163.2, 149.5, 145.3, 125.8-128.9 (C Ar), 86.6 (NC), 51.6 (CMe2Ph),
42.2 (NCMe), 32.0(CMe2Ph), 31.3 (CMe2Ph), 23.6 (CHMe), 18.7, 18.6, 18.1, 17.8, 17.7
(CHMe2 and O-C6H3-Me2).
Mo(CHCMe2Ph)(NCMePh-i-Pr)(O-2,6-C 6H3-Ph 2) 2  (Se). To a slurry of
Mo(CHCMe2Ph)(NCMePh-i-Pr)(OTf)2(DME) (105 mg; 0.135 mmol) in 5 mL Et20 at
-30 *C was added KO-2,6-C 6H3-Ph2 (85 mg; 0.297 mmol) as solid. The mixture slowly
turned yellow and flocculent white solid formed. The mixture was stirred at room
temperature for 22 h. The solvents were evaporated and the solid extracted with cold
pentane. The solution was filtered through Celite. Bright yellow solid (112 mg; 94%)
formed upon evaporating the filtrate. 1H NMR (C6D6): 8 10.02 (s, 1H, CH), 7.62 (m, 8H,
Ar), 7.28 (m, 10H, Ar), 7.15 (m, 3H, Ar), 6.90 (m, 8H, Ar), 6.64 (m, 2H, Ar), 6.64 (d,
J = 8, 2H, Ar), 1.17 (sept, J = 7, 1H, CHMe 2), 0.70 (s, 3H, CMe2Ph), 0.68 (s, 3H,
CMe2Ph), 0.61 (s, 3H, NCMe), 0.38 (d, J = 7, 3H, CHMe2), 0.17 (d, J= 7, 3H, CHMe2);
13C{ 1H} NMR (C6D6): 274.7 (syn alkylidene, 1JCH = 120), 161.6, 160.2, 150.4, 150.1,
143.9, 140.1, 139.7, 138.3, 132.8, 132.7, 130.4, 130.3, 130.2, 129.7, 129.5, 128.7, 128.6,
127.9, 127.6, 127.0, 126.6, 126.4, 125.9, 125.4, 121.9, 121.7, 121.0 (C Ar), 86.1 (NC),
51.8 (CMe 2Ph), 40.6 (NCMe), 31.0(CMe2Ph), 30.8 (CMe2Ph), 21.9 (CHMe), 18.8, 18.4
(CHMe2).
Mo(NCMe 2Ph)2C12(DME). A Schlenk tube was charged with (NH4)2Mo20 7 (869 mg;
2.56 mmol), NEt 3 (5.34 mL; 38.4 mmol; 15 equiv), Me 3SiC1 (11.2 mL; 163 mmol; 15
equiv), a,a-dimethylbenzylamine (la) (1.38 mg; 10.2 mmol; 4 equiv), and 50 mL DME.
The mixture was stirred at 60 "C for 36 h. The solution readily turned bright yellow. The
mixture was then filtered through Celite. The residual was washed with portions of DME
until the filtrate was colorless. The volatiles were removed in vacuo to yield 2.43 g (91%)
of the product which can be recrystallized from Et20 . 1H NMR (C6D6): 8 7.58 (d, J = 8,
4H, ortho-H), 7.14 (dd, J = 7, 8, 4H, meta-H), 6.99 (t, J = 7, para-H), 3.23 (s, 6H,
CH30), 3.13 (s, 4H, OCH 2), 1.61 (s, 12H, imido methyl). EA calcd: C 50.49, H 6.16, N
5.35; obsd: 50.20, H 6.42, N 5.42.
Mo(CH 2CMe2Ph)2(NCMe2Ph)2. A solution of Mo(NCMe 2Ph)2C12(DME) (240 mg;
0.459 mmol) in 20 mnL Et 20 was cooled to -30 "C. Neophyl magnesium chloride (0.92 M
in THF; 1.0 mL; 0.92 mmol) was added to the above over 10 min. Precipitate readily
appeared. The solution was stirred at room temperature for 5 h and then filtered through
Celite. The solvent was evaporated under reduced pressure. Yield: 0.28 g (97%).
1H NMR (C6D6): 8 7.46 (d, J = 8, 4H, ortho H), 7.31 (d, J = 8, 4H, ortho H), 7.19 (dd,
J = 8, 8H, meta H), 7.09 (t, J = 8, 2H, para H), 7.06 (t, J = 8, 2H, para H), 1.70 (s, 4H,
CH2), 1.50 (s, 12H, NCMe2Ph), 1.41 (s, 12H, CH2CMe2Ph); 13C{ 1H} (C6D6): 8 151.8
(Cipso), 148.7 (Cipso), 128.5, 128.2, 126.7, 126.3, 125.9, 125.8, 75.3 (CH2), 72.8 (NC),
39.9 (CH 2C), 33.2 (Me), 33.0 (Me).
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Polymerization of Norbornadienes with Initiators 5b and 5c. Standard conditions
described elsewhere 16 have been used to perform the following polymerizations.
13C{ 1H} NMR data of the resulting polymers is included (monomer, initiator).
(a) DCMNBD, 5b (Entry 3-similar to Entry 6, Table I); 13C{ 1H) NMR (acetone-d6): 8
165.5 (CO), 142.7 (C2/3), 133.0 (C(5/6) trans, 79%), 132.1 (C(5/6) cis, 21%), 51.9 (OMe),
49.6 (C(1/ 4) trans, 79%), 44.8 (C(1/4) cis, 21%), 38.9, 38.3, 38.0 (C(7));
(b) DCM*NBD, 5b (Entry 9, Table I); 13C{ 1H) NMR (CDC13): 8 47.1 (C(1/4) trans,
90%), 37.7 (C(7)).
(c) NBDF6, 5c (Entry 10, Table I); 13C{ 1H) NMR (acetone-d6): 8 140.1 (C(2/3)), 133.6,
133.4 (C( 5/6) trans, 77%), 132.0 (C( 5/6) cis, 23%), 122.1 (1JCF = 270, CF3), 49.9 (C(1/ 4)
trans, 77%), 44.9, 44.8 (C(1/ 4) cis, 23%), 38.1, 37.3, 37.2, 36.9 (C(7)).
Chapter 2 EXPERIMENTAL
REFERENCES
(1) Feldman, J.; Schrock, R. R. Prog. Inorg. Chem. 1991, 39, 1.
(2) Fox, H. H.; Schrock, R. S. Organometallics 1992, 11, 2763.
(3) Fox, H. H.; Lee, J.-K.; Park, L. Y.; Schrock, R. R. Organometallics 1993, 12, 759.
(4) Schrock, R. R.; Luo, S.; Zanetti, N.; Fox, H. H. Organometallics 1994, 13, 3396.
(5) Fox, H. H.; Wolf, M. O.; O'Dell, R.; Lin, B. L.; Schrock, R. R.; Wrighton, M. S. J.
Am. Chem. Soc. 1994, 116, 2827.
(6) Koziara, A.; Zwierzak, A. Tetrahedron Lett. 1987, 28, 6513.
(7) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare, M.; O'Regan, M.
J. Am. Chem. Soc. 1990, 112, 3875.
(8) Fox, H. H.; Yap, K. B.; Robbins, J.; Cai, S.; Schrock, R. R. Inorg. Chem. 1992, 31,
2287.
(9) Schrock, R. R.; DePue, R.; Feldman, J.; Schaverien, C. J.; Dewan, J. C.; Liu, A. H. J.
Am. Chem. Soc. 1988, 110, 1423.
(10) Schrock, R. R.; DePue, R. T.; Feldman, J.; Yap, K. B.; Yang, D. C.; Davis, W. M.;
Park, L. Y.; DiMare, M.; Schofield, M.; Anhaus, J.; Walborsky, E.; Evitt, E.; KrUtger, C.;
Betz, P. Organometallics 1990, 9, 2262.
(11) March, J. "Advanced Organic Chemistry: Reactions, Mechanisms, and Structure";
4th ed.; John Wiley: New York, 1992, pp 1495.
(12) Buchmeiser, M.; Schrock, R. R. Inorg. Chem. 1995, 34, 3553.
(13) O'Dell, R.; McConville, D. H.; Hofmeister, G. E.; Schrock, R. R. J. Am. Chem. Soc.
1994, 116, 3414.
(14) Oskam, J. H.; Schrock, R. R. J. Am. Chem. Soc. 1993, 115, 11831.
REFERENCESChapter 2
REFERENCES
(15) bin Alimunia, A.; Blackmore, P. M.; Edwards, J. H.; Feast, W. J.; Wilson, B.
Polymer 1986, 27, 1281.
(16) Tabor, D. C.; White, F. H.; Collier, L. W.; Evans, S. A. J. Org. Chem. 1983, 48,
1638.
(17) cf. Part I-Chapter 1 of this thesis.
Chapter 2
PART I
CHAPTER 3
Study of Chiral Biphenoxido
Molybdenum ROMP Catalysts
INTRODUCTION
All-cis highly tactic polymers have recently been prepared by the ring-opening metathesis
polymerization of 2,3-bis(trifluoromethyl)norbornadiene and 2,3-
dicarbomethoxynorbornadiene with well-characterized catalysts of the type
Mo(CHR)(NAr)(OR') 2 (NAr = N-2,6-C6H3-i-Pr2, NAr = NAr' = N-2,6-C6H3-Me2)
(Table I). 1,2 Enantiomorphic metal-site control has been effected by two different C2-
symmetric chiral diolato ligands shown in Figure 1 as the parent alcohol.
Table I. Stereoregularity Characteristics of Poly(NBDF6) and Poly(DCMNBD) Prepared
from Mo(CHR)(NAr)(OR') 2-Type Catalysts 1-3a
Monomer Catalyst cis (%) isotactic (%)
NBDF6 Mo(CHCMe2)(NAr)[OCMe(CF 3)2]2b 97 74
Mo(CH-t-Bu)(NAr)[BINO(SiMe 2 Ph)2] (1)c 71 86
Mo(CHCMe2Ph)(NAr')[BINO(SiMe 2Ph) 2] (2)c >99 >99
DCMNBD Mo(CHCMe2)(NAr)[OCMe(CF 3)2] 2  98 73
Mo(CH-t-Bu)(NAr)[BINO(SiMe 2Ph) 2] (1)c 93 97
Mo(CHCMe2Ph)(NAr')[BINO(SiMe 2Ph)2] (2)c,d >99 >99
Mo(CH-t-Bu)(NAr)[BIPHENO(t-Bu) 4] (3) >99 96
aAll polymers were prepared in THF, unless otherwise stated. bPrepared in DME as
described elsewhere. 3 cInitiator prepared as THF adduct. dPrepared in CH 2CI2:THF (4:1).
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Figure 1. C2-Symmetric Parent Diols Used in Initiators 1-3.
Although highly stereoregular poly(DCMNBD) was isolated using complex 3 as ROMP
initiator, the BIPHENO(t-Bu) 4 ligand has been shown to "flip" rapidly on the NMR time
scale in some lanthanide complexes. 4 Analysis of the 1H NMR spectrum, however,
suggests that the ligand is "locked" in complex 3 at room temperature. Nonetheless,
because of the uncertainty as to the possibility of fluxional behavior of the ligand, much
effort has been invested in the development of new derivatives of the BINOH 2 alcohol. 1,5
BINO-based complexes however suffer from two major disadvantages over the
BIPHENO-based counterpart: (i) the synthesis of BINOH 2 derivatives involves more
synthetic steps than for BIPHENOH 2 derivatives; and (ii) the BINO complexes 1 and 2
could only be isolated as base-adducts, thereby complicating further kinetic studies. In
contrast, Mo(CH-t-Bu)(NAr)[BIPHENO(t-Bu) 4] (3) is easily prepared in the absence of
stabilizing bases. The investigation of molybdenum complexes with an unquestionably
"locked" biphenol derivative was therefore warranted. Synthesis of the complexes and
their activity toward norbornadienes are described.
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Synthesis of Chiral Mo ROMP Initiators and Polymerization of Norbornadienes
Biphenols are easily prepared by simple oxidative coupling of the parent phenol.6
However, in order to prevent formation of side-products, the phenol ring must bear
substituents at the para and at one of the ortho positions. 7,8 The ortho-substituent
furthermore minimizes bimolecular decomposition of the molybdenum ROMP initiator
and increases diastereoselectivity by preferentially shielding one CNO face over the
other. In order to prevent fluxional behavior by the coordinated biphenoxide, a methyl
group was added to C(5) of the parent phenol. The synthesis of compound 4 is illustrated
in equation 1.
t-Bu t-Bu
u~~t t-Bu
H+ OH
OH
t-Bu t-Bu
BIPHENO(Me) 2(t-Bu) 4H2 (4)
The potassium salt of compound 4 was prepared and used in subsequent reactions with
bis(triflato) molybdenum complexes to give the corresponding base-free
Mo(CHCMe2Ph)(NAr')[BIPHENO(Me) 2(t-Bu) 4 ] (5), Mo(CHCMe2Ph)(N-2-C 6H4-
CHMePh)[BIPHENO(Me) 2(t-Bu) 4 1 (6), and Mo(CHCMe2Ph)(N-2-C 6H4-t-
Bu)[BIPHENO(Me) 2(t-Bu)4 ] (7) (Fig. 2). As in the alkylidene complex 3, the
conformation of the BIPHENO ligand is "locked" at room temperature, as judged by 1H
NMR spectroscopy. X-Ray quality crystals of 5 were recently prepared by our group. The
structure of complex 5 clearly shows better accessibility of the alkylidene from one of the
two CNO faces. Polymerization results of initiators 5-7 are summarized in Table II.
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Figure 2. Investigated BIPHENO(Me)2(t-Bu)4 Molybdenum ROMP Initiators.
Table II. Poly(NBDF6) and Poly(DCMNBD) Prepared with Initiators 5, 6 and 7a
Entry Catalyst Monomer Solvent cis (%) tactic (%) MwlMn
1 5 NBDF6 toluene 96 iso (>99) -_b
2 6 DCMNBD THF >99 iso (>99) 2.24
3 DCMNBD CH2C12  >99 iso (>99) 1.09c
4 NBDF6 THF 93 iso (>99) _b
5 7 DCMNBD THF 54 - 1.29
6 NBDF6 THF 44 - b
aAll polymerizations were quantitative (>95% yield). bInsolubility of the polymer
in CH2C12 prevented its analysis by GPC. cOnly the major polymer (87% relative
to the minor polymer) is reported.
It is very interesting to note the effect of the imido ligand on the stereoregularity of the
resulting polymer. Complexes 3, 5, and 6 all gave high-cis isotactic polymers by
enantiomorphic metal-site control. The bimodal distribution of poly(DCMNBD) obtained
from 6 probably arises from the diastereomeric nature of the complex. The higher
polydispersity observed in THF relative to dichloromethane is attributed to precipitation
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of the polymer during polymerization in THF. As the steric bulk of the substituent on
monosubstituted phenylimido ligands is increased, however (by use of the ortho-tert-
butylphenylimido complex 7), the polymer stereoregularity decreases sharply. The size of
the imido tert-butyl group clearly hampers monomer approach to the syn rotamer,
resulting in the formation of trans double bonds. In contrast with the results found in the
BINO(SiMe2Ph)2 (Table I) or other BINO systems,5 the nature of the 2,6-disubstituted
phenylimido ligands on BIPHENO complexes, either diisopropyl (3, Table I) or dimethyl
(5, Table II), does not affect the stereoregularity of the resulting polymers. This might be
a very important asset for the BIPHENO-based complexes by providing a greater variety
of catalysts for further study.
CONCLUSIONS
Three molybdenum ROMP initiators with a substituted biphenoxido ligand were
prepared. The oxido ligand was shown to be "locked" at room temperature on the NMR
time scale. Disubstituted phenylimido complexes 3 and 5 generated cis isotactic
polymers. Polymer stereoregularity however varied with the bulk of monosubstituted
ortho-phenylimido ligands. Although the ortho-phenethylphenylimido complex (6)
effected ROMP of norbornadienes to give highly cis, highly tactic polymers, much poorer
selectivity was observed from the ortho- tert-butylphenylimido homologue (7). From the
combined results described in all three chapters of Part I of this thesis, it is clear that
chiral biphenoxido ligands effect better stereoregularity than their chiral imido
counterparts; unlike chiral imido molybdenum complexes which give regular polymer by
chain-end control, chiral BIPHENO complexes, afford highly tactic polymers via the
more desirable enantiomorphic-metal site control. Their use as catalysts to give
enantiomerically-enriched cyclic organic molecules is currently under investigation by
our group.9
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General Considerations
Unless otherwise stated, all experiments were performed under a N2 atmosphere in a
Vacuum Atmospheres drybox or under an Ar atmosphere using standard Schlenk
techniques. Pentane was washed with H2SO4:HNO3 (95:5 v/v), NaHCO 3, and water,
stored over CaCl2, and distilled from sodium benzophenone ketyl under N2. Reagent
grade C6H6, Et20, DME, THF, and toluene were distilled from sodium benzophenone
ketyl under N2. CH2Cl 2 was distilled over CaH2 under N2. Polymerization grade toluene
was stored over Na/K alloy and passed through A120 3 prior to use.
All chemicals used were reagent grade and were purified by standard methods. 2,3-
Bis(trifluoromethyl)norbomadiene (NBDF6) 10 and 2,3-dicarbomethoxynorbornadiene
(DCMNBD)"1 , Mo(CHCMe2Ph)(NAr')(OTf)2(DME) (OTf = OSO 2C F3) 12' 13 and
Mo(CHCMe2Ph)(N-2-C6H4-CHMePh)[BIPHENO(Me)2(t-Bu)41 (6)14 were prepared as
described in the literature.
HPLC grade CH2Cl 2 was in gel permeation chromatography (GPC) used and distilled
over CaH2 under N2 prior to use. The solvent was passed through the columns with a
Knauer HPLC pump at a 1.0-mL/min flow rate. GPC was carried out using Jordi gel
divinylbenzene mixed bed columns (L = 250 mm, ID = 10 mm) coupled with a
Spectroflow 757 UV-Visible absorbance detector, a Wyatt Technology miniDawn light
scattering detector (20 mW semiconductor laser, X = 690 nm, 3 detection angles: 45", 90",
and 135") on samples 0.4-0.6% (w/v) in CH2C12 which were filtered through a Millex-SR
0.5-gm filter in order to remove particulates. The polymer solution was injected
employing a Rheodyne Model 7725 100-pLL sample injector. The light scattering detector
were calibrated polystyrene (Mw = 3600). NMR data were obtained at 300 MHz (1H) and
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75.43 MHz (13C) on Varian XL and Unity spectrometers at room temperature. Spectra
were reported in parts per million downfield from tetramethylsilane for proton and
carbon.
Experimental Procedures
6,6'-Dimethyl-3,3',5,5'-tetra-tert-butyl-1,1 '-biphenyl-2,2'-diol (4). 3-Methyl-4,6-di-
tert-butylphenol (5.00 g; 22.7 mmol) was dissolved in 23 mL glacial acetic acid.
Concentrated sulphuric acid (4.5 mL) was added to a solution of K2Cr207 (2.27 g; 7.72
mmol) in 24 mL water. This solution was thereafter added dropwise to the phenol
solution over 30 min at 55 "C. The orange solution turned green and precipitate appeared.
The mixture was filtered and the solid washed with methanol to give 3.57 g (72%) of
biphenol. The product can be further purified by recrystallization from dioxane:methanol.
IH NMR (CDC13): 8 7.36 (s, 2H, Ar), 4.78 (d, 2H, OH), 1.98 (s, 6H, methyl), 1.40 (s,
18H, t-Bu), 1.38 (s, 18H, t-Bu).
Potassium 6,6'-dimethyl-3,3',5,5'-tetra-tert-butyl-l,1'-biphenyl-2,2'-dioxide * THF.
Potassium hydride (3.65 g; 91.0 mmol) was added by portion to a solution of 6,6'-
dimethyl-3,3 ',5,5'-tetra-tert-butyl-1,1'-biphenyl-2,2'-diol, 4 (1.00 g; 22.6 mmol) in 40 mL
THF at -30 "C. H2 evolved and the solution was stirred at room temperature for 24 h. The
solution was filtered to give 1.25 g (94%) of pure biphenoxide. 1H NMR (CDCI3): 8 7.35
(s, 2H, aromatic), 3.72 (bt, 2H, THF adduct), 1.99 (s, 6H, Me), 1.83 (bt, 2H, THF adduct)
1.40 (s, 18H, 2 t-Bu), 1.38 (s, 18H, 2 t-Bu).
Mo(CHCMe2Ph)(NAr')[BIPHENO(Me) 2(t.Bu)4] (5). Mo(CHCMe 2Ph)(N-2,6-C6H 3-
Me2)(OTf)2(DME) (507 mg; 0.688 mmol) was dissolved in 10 mL THF and chilled to
-30 "C. The potassium salt (497 mg; 0.847 mmol) was then rapidly added to the above
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solution. The yellow solution immediately turned dark red. The solution was stored at -30
"C for 18 h. The solvent was removed under reduced pressure and the solid washed with
cold pentane. Pentane was thereafter removed in vacuo and replaced by a minimum
amount of ether. The solution was stored at -30 *C to yield the orange-red catalyst. Yield:
488 mg (90%). IH NMR (tol-d8): 8 10.79 (s, 1H, alkylidene), 7.80 (s, 1H, biphenoxide),
7.55 (s, 1H, biphenoxide), 7.28 (d, J = 8, 2H, Ar), 7.09 (t, J = 8, 2H, Ar), 6.90-7.02 (4H,
Ar), 6.67 (s, 2H, Ar), 2.25 (s, 6H, N-2,6-C6H3-Me2), 2.11 (s, 3H, biphenoxide Me), 1.92
(s, 3H, biphenoxide Me), 1.56 (s, 18H, 2 biphenoxide t-Bu), 1.42 (s, 12H, biphenoxide t-
Bu and CMe2Ph), 1.30 (s, 9H, biphenoxide t-Bu), 1.25 (s, 3H, CMe2Ph); 13C{ IH) NMR
(tol-d8): 8 277.9 (CHCMe2Ph), 156.4, 154.3, 153.5, 150.6, 142.6, 142.0, 139.2, 137.0,
136.8, 136.7, 135.3, 132.3, 131.9, 128.2, 127.0, 126.7, 125.9 (C Ar), 53.6 (CMe 2Ph),
36.2, 36.1, 35.9, 32.6, 31.6, 31.5 31.4, 30.5 (CMe2Ph), 30.1 (CMe2Ph), 19.7, 19.4, 19.1
(missing resonances due to accidental overlaps). EA calcd: C 73.54, H 8.36, N 1.79;
obsd: C 73.31, H 8.22, N 1.60.
Mo(CHCMe2Ph)(N-2-C 6H 4-t-Bu)[BIPHENO(Me)2(t-Bu) 4] (7). Mo(CHCMe 2Ph)(N-
2-C 6H4-t-Bu)(OTf) 2(DME) (143 mg; 0.187 mmol) was dissolved in 10 mL THF and
chilled to -30 "C. The potassium salt (121 mg; 0.206 mmol) was then rapidly added to the
above solution. The yellow bistriflato solution immediately turned dark red. The solution
was stored at -30 "C for 18 h. The solvent was removed under reduced pressure and the
solid was extracted with cold pentane. Toluene was added to the pentane solution and the
solvents were evaporated in vacuo. Yield: 138 mg (91%). 1H NMR (tol-ds): 8 10.97 (s,
1H, alkylidene), 7.84 (s, 1H, biphenoxide), 7.52 (s, 1H, biphenoxide), 7.44 (d, J= 8, 2H,
Ar), 6.72-7.24 (8H, Ar), 2.07 (s, 3H, biphenoxide methyl), 2.00 (s, 3H, biphenoxide
methyl), 1.77 (s, 3H, CHMe2), 1.64 (s, 9H, t-Bu), 1.50 (s, 9H, t-Bu), 1.37 (s, 9H, t-Bu),
1.33 (s, 9H, t-Bu), 1.32 (s, 9H, t-Bu), 1.16 (s, 3H, CHMe2); 13C{ 1H} NMR (tol-dg): 8
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275.4 (CHCMe2Ph, 1JcH = 120) 123.9-155.5 (C Ar), 54.4 (CMe2Ph), 36.4, 36.3, 36.1,
35.6, 33.1, 32.5, 30.7 (CMe2Ph), 30.3 (CMe2Ph), 21.8, 19.9, 19.5, 19.2.
Polymerization of Norbornadienes with Initiators 5, 6, and 7. Standard conditions
described above have been used to perform the following polymerizations. 13C { 1H)
NMR data of the resulting polymers is included (monomer, initiator).
(a) DCMNBD, 5 (Entry 1, Table II); 13C{ 1H) NMR (CDC13): 8 165.3 (CO), 142.1
(C(2/3)), 132.3 (C(5/6) trans), 51.9 (OMe), 49.0 (C(1/4) trans, 93%), 44.1 (C(1/4) cis, 7%),
37.7 (C(7));
(b) DCMNBD, 6 (Entry 2-3, Table II); 13C{ 1H} NMR (CDC13): 8 165.1 (CO), 142.2
(C(2/3)), 131.3 (C(5/6) cis), 51.9 (OMe), 44.1 (C(1/4) cis), 38.7 (C(7));
(c) NBDF6, 6 (Entry 4, Table II); 13C{ 1H} NMR (acetone-d6): 8 140.2 (C(2/3)), 133.5
(C(5/6) trans, 9%), 132.1 (C(5/6) cis, 91%), 122.1 ( 1JCF = 273, CF3), 49.9 (C(1/4) trans,
9%), 44.9 (C(1/ 4) cis, 91%), 38.4 (C(7), mm), 38.1 (C(7), ct);
(d) DCMNBD, 7 (Entry 5, Table II); 13C{ 1H) NMR (CDC13): 8 165.2 (CO), 142.0
(C(2/3)), 132.1 (C(5/6) trans, 46%), 131.2 (C(5/6) cis, 54%), 51.8 (OMe), 51.7 (OMe), 48.9
(C(1/4) trans, 46%), 43.9 (C(1/4) cis, 54%), 38.6 (C(7), cc), 38.1 (C(7), cc/mr), 37.5 (C(7),
ct);
(e) NBDF6, 7 (Entry 5, Table II); 13C{ 1H) NMR (acetone-d6): 8 140.0 (C(2/3)), 133.2
(C(5/6) trans, 56%), 131.9 (C(5/6) cis, 44%), 122.0 (1JCF = 273, CF 3), 49.8 (C(1/4) trans,
56%), 44.7 (C(1/4) cis, 44%), 38.4 (C(7), cc), 37.9 (C(7), cc/mr ), 37.1 (C(7)), 36.8 (C(7),
cc).
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Applications of Molybdenum
Ring-Opening Metathesis
Polymerization Catalysts
PART II
GENERAL INTRODUCTION
Complexes of the type Mo(CHR)(NR')(OR")2 have been used as initiators in the ring-
opening metathesis polymerization of norbornenes and norbornadienes. 1"4 Part I of this
thesis illustrates examples of work that has been pursued in our group in the fundamental
understanding of ROMP initiators.
This group has also been greatly interested in using molybdenum alkylidene complexes
as a means to prepare materials with potential industrial and commercial applications.
Polyene synthesis via alkyne metathesis, 5-12 cyclopolymerization of dialkynes, 13-15 retro-
Diels-Alder reactions, 16-19 and acyclic diene metathesis polymerization (ADMET), 20
synthesis of side-chain liquid crystal polymers, 21-25 synthesis of redox polymers, 26,27 of
star block copolymers, 28,29 of water-soluble polymers containing sugars, 30 of polymers
containing LED-active species, 31,32 and of particles in the nanoscale regime
(nanoclusters) 3344 were all achieved by our group from some ligand variations on the
molybdenum complex. The quality and diversity of research performed using
Mo(CHR)(NR')(OR") 2 clearly show the important role that these catalysts can play in
fine technology.
In the following two chapters, a detailed description of two of the applications is
presented. Chapter 4 describes the work aimed at the synthesis of copper nanoclusters
within microphase-separated ROMP diblock copolymer films. The principles of
electroluminescence are introduced in the last chapter. The preparation of monomers and
polymers that might improve the efficiency of light-emitting diodes (LEDs) is described.
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PART II
CHAPTER 4
Investigation of Copper Nanoclusters
Prepared within Microphase-Separated
ROMP Diblock Cooolvmer FilmsROMP Diblock Coi=- Films
INTRODUCTION
Interest in the chemistry and physics of small aggregates of atoms in the nanoscale
regime has grown tremendously in the last decade. 1-3 The diameter of such aggregates,
herein referred to as nanoclusters, usually ranges from 1 to 20 nm. The surface area of
these ultrafine particles is extremely large. A metal nanocluster 5 nm in diameter typically
has 27 to 49% of its atoms residing on the surface. This percentage falls to about 14-27%
for a 10-nm particle, to 1-3% for a 100-nm particle, and to a negligible amount in
materials with conventional-greater than 1 pm--grain sizes.4 The extensive spatial
delocalization of valence electrons observed in bulk materials is attributed to their
electron band structure. However, ultrafine particles do not possess such fully developed
band structures, leading to the observation of quantum size effects." Nanoclusters, as
predicted, exhibit a series of new properties not observed in their molecular or bulk
counterparts. 4 ,5 Applications of metal nanoclusters were reported in the field of catalysis,
information storage, color imaging, and magnetic refrigeration.9-"1 Optical non-linearities
have also been observed when metal and semiconductor nanoclusters were embedded in
dielectric media such as glasses. These non-linearities lead to an intensity-dependent
refractive index that may develop into an all-optical switching device with fast speeds
and low power.12-14 Together with silver and gold, copper is of particular interest for the
preparation of nanoclusters embedded in dielectrics. 15-20 The third-order susceptibility of
copper nanoclusters has been demonstrated to be size-dependent. 17-19 Control over the
size, the size distribution, and the dispersion of the ultrafine particles throughout a matrix
is therefore warranted.
Many approaches have been developed to prepare metal nanoclusters. Formation of
colloids in glass, 21'22 mechanochemical methods,23 condensation of metal vapors onto a
cold finger,24-27 evaporation of metal atoms into solvent matrices, 28-33 cosputtering metal
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and a matrix-forming oxide,34 sol-gel techniques,35-37 reduction of absorbed metal salts
on supports, 15,38 41 treatment of metal precursors dispersed in a polymer matrix,42-53 and
others4- 56 have been reported. Two critical parameters that characterize nanoclusters are
their size and their chemical composition. Control over these parameters is imperative in
order to fully understand the evolution of these particle properties and therefore tailor the
properties of the material. A versatile approach that generates large quantities of metal
nanoclusters with a narrow size distribution has yet to be developed.
In light of the above, we decided to investigate the synthesis of elemental copper
nanoclusters. Our group has taken advantage of the thermodynamic behavior of block
copolymers. 57 Diblock copolymers undergo a variety of microphase separations on the
scale of macromolecular dimensions (50-1000 A). The architecture of the microdomain
is governed by (i) the molecular architecture-linear, multiblock, star, branched, or graft,
(ii) the choice of monomers, (iii) the composition or overall volume fraction of a
component, (iv) the degree of polymerization--the number of repeat units making up the
polymer chain, (v) the solvent used, and (vi) the conditions under which the films are
obtained. At equilibrium, a diblock copolymer will exhibit three major structural types:
spheres, cylinders and lammelae. Each of these structures is obtainable from an A-B block
copolymer by controlling the volume fraction of each block as well as the molecular
weight of the polymer (Fig. 1).58-62 Decreasing the relative volume fraction of block B
can also be achieved by blending in homopolymer A. 63 64 This has the net advantage of
allowing the preparation of any of the microdomain structures by simply adding the
proper amount of homopolymer A to a bulk copolymer A-B. Because of its three-
dimensional confinement, the spherical microdomain contains a limited number of metal
precursors and therefore should allow the synthesis of clusters with a narrow size
distribution.
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Figure 1. (a) Effect of Varying the Relative Volume Fraction of Blocks in Copolymers;
(b) Phase Diagram for an A-B Type Diblock Copolymer. The Morphology
Corresponds to those Illustrated in (a).
Palladium,6 5,66 platinum,66 silver,6 7'68 and gold67 metal nanoclusters have been prepared
by solid-state decomposition of metal precursors that have been selectively attached to
one block in a well-defined diblock copolymer synthesized by ring-opening metathesis
polymerization. ROMP is an ideal polymerization method given that the molecular
weight of the polymer is easily controlled and that the initiator is tolerant of many
functional groups on the monomer. 69-71 There are major advantages to use of an
organometallic diblock copolymer. The size of the metal precursor-containing
(b)
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microdomain-and consequently the size of the nanoclusters themselves--can be
controlled by the molecular weight of the blocks. Furthermore, because the precursors are
directly bound to the monomer units, they are homogeneously dispersed throughout the
microdomain. Finally, the surrounding matrix with a high glass-transition temperature
(Tg) can act as a kinetic barrier for interdomain cluster aggregation. The systems
employed in the silver and gold study67 ,68 are depicted in Scheme I. Thermal treatment of
the films cast from polymer solutions resulted in the formation of clusters less than 10 nm
in diameter, homogeneously dispersed in the matrix. This approach has also been used to
prepare metal sulfide semiconductor clusters. 72-75
Scheme I. Block Copolymer Employed in the Silver and Gold Study. 67,68
aAr = 2,6-C6H 3-i-Pr2; bhfac = hexafluoroacetylacetonato, COD = 1,5-
cyclooctadiene
m + n PPh 2
PPh 2
MTD NORPHOS
1) Mo(CHCMe 2Ph)(NAr)(O-t-Bu) 2a
2) PhCHO
Ph
2n Ag(hfac)(COD)b 2n Au(PMe 3)(Me)
[MTD]m[(NORPHOS)(Ag(hfac))2]n [MTD]m[(NORPHOS)(AuMe)21n
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Copper organometallic complexes that have been shown to decompose under mild
conditions to the elemental metal were investigated. The beginning of the 1990s
witnessed an explosive growth in the development of new precursors for copper
metallation by metal-organic chemical vapor deposition (MOCVD) due to the
semiconductor industry's anticipated need for improved microdevice interconnects.7 6 81
Three metal precursors were chosen for this study: (Tj5-C5Hs)Cu(PR 3),82
(hfac)Cu(PR 3) 83 and (hfac)Cu(alkyne). 84 These complexes decompose cleanly at low
temperatures via well-documented pathways (eq 1-3) with no need of external reducing
agents such as hydrogen. In this chapter, work aimed at the synthesis of copper
nanoclusters with narrow size distribution using CVD precursors and ROMP diblock
copolymers is described.
(rT5-C 5H5)Cu(PPh 3) (la) 130 "C Cu 0 + PPh3 + C5H6 (trace) (1)
+ 1,5-dihydrofulvalene + others
2 (hfac)Cu(PPh 3)(2a) 150 "C Cuo + Cu(hfac)2 + 2 PPh3  (2)
2 (hfac)Cu(rl2-2-butyne) (3) 120- C Cu0 + Cu(hfac)2 + 2 2-butyne (3)
RESULTS AND DISCUSSION
Monomer Synthesis
Complexes (rl5-C5Hs)CuL (1) (L = PMe3, PEt 3, P(n-Bu)3, PPh3, P(OMe)3, CNMe, CO)
have been prepared;85 ,86 reported decomposition temperatures range from -20 "C for the
carbonyl complex to 130 "C for the triphenylphosphine homologue. 82 As shown by eq 1,
(15-C5H5)CuL decomposes directly to elemental copper and organic byproducts, thereby
preventing contamination of the nanocluster with other oxidation state copper atoms.
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Providing that decomposition of the organometallic precursor is complete, two potential
problems can still arise in the case of spherical microdomains: (i) more than one cluster
can be generated in a single microdomain, and (ii) clusters can migrate outside the
original microdomain to aggregate with one another, thereby forming larger clusters.
Formation of one cluster per microdomain may be promoted by increasing the mobility of
the growing nuclei, by coordinating the metal precursor to a polymer block with no
surface passivating agents and with a low local Tg. Interdomain agglomeration can be
minimized by having a high Tg matrix surrounding the microdomain containing the
precursor. Ideally, the surface free energy of the system will be minimized by shrinkage
of the small clusters and concomitant growth of the larger ones. Treating the film at a
temperature higher than both the decomposition temperature of the precursor and the
microdomain Tg, but lower than the matrix Tg, should therefore lead to homogeneously
dispersed copper nanoclusters with narrow size distribution.
Following the concepts outlined above, the poly(methyltetracyclododecene) ([MTD]m)
matrix and poly(2,3-trans-bis(diphenylphosphino)bicyclo[2.2.1 ]heptene) ([NORPHOS]n)
as coordinating polymer were chosen as model compounds. The glass transition
temperature of [MTD] 200 has been determined by differential scanning calorimetry and
found to be 215 *C, well above the decomposition temperature of the copper complexes
of interest (eq 1-3). However, [NORPHOS]150 has a Tg of 177 *C.68 In order to slightly
decrease Tg of [NORPHOS]n and thereby increase the mobility of the growing clusters
within the microdomain, synthesis of a homologue was attempted by introducing a
methylene unit between the phosphine and the ring. 2,3-trans-
Bis(diphenylphosphinomethyl)bicyclo[2.2.1]heptene (5) was prepared by treating 2,3-
di(tosylmethyl)norbom-5-ene (4) with 2 equivalents of lithium diphenylphosphide (eq 4).
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OTs + 2 LiPPh2  toluene PPh 2  +2 LiOTs (4)
4 5
Polymer Synthesis
Polymerization of 5 using Mo(CHCPhMe 2)(N-2,6-C6H3-(i-Pr2))(O-t-Bu)2 as catalyst
proved extremely slow, with propagation being the rate-determining step (eq 5). The
formation of an internal base adduct (6) might account for this decrease in reactivity.
Addition of coordinating ligands has been used to temper highly reactive catalysts. 87-89
Due to the difficulties encountered using 5, subsequent work only involved the well-
behaved NORPHOS.
+s5
11 +5
t-BuO- Mo.)(
t-BuO Ph
Ph + xequiv 
. polymer (5)
slow propagation
Diblock copolymers were synthesized by reacting Mo(CHMe2Ph)(N-2,6-C6H 3-i-Pr 2)(O-
t-Bu)2 with m equivalent of methyltetracyclododecene (MTD) in toluene, followed by
addition of n equivalent of racemic NORPHOS. The block copolymer was then capped
with benzaldehyde (Scheme I). Characterization of the polymers by conventional gel
permeation chromatography (GPC) required their prior oxidation with m-
chloroperoxybenzoic acid to the corresponding phosphine oxide, in order to prevent
separation based on column affinity in addition to size (Table I).
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Table I. Polydispersity (Mw/Mn) of the Polymers Used Throughout the Study
Polymer MwlMna
[MTD] 300[NORPHOS]20 1.05
[MTD] 300[NORPHOS]40 1.05
[MTD] 300[NORPHOS] 60 1.69
[MTD]300[NORPHOS]80 2.04
[MTD] m < 1.10
aMw/Mn for [MTD]m[NORPHOS]n was
measured on the oxidized polymer.
Preparation of [MTD] m[(NORPHOS)(CuCp)2]n
The synthesis of (NORPHOS)(CuCp) 2, Id, was attempted by phosphine exchange
between 2 equivalents CpCuL (L = PMe3, PEt 3, PPh 3) and 1 equivalent NORPHOS (eq
6). Complexes la and lb cleanly gave the expected complex. The equilibrium was
shifted to the right on reaction in pentane for la and under partial dynamic vacuum for
ib; the reaction is driven by the insolubility (for PPh 3) or volatility (for PMe3) of the
phosphine. No such driving force exists for the PEt3 species, and complex 1c could not
be used to prepare Id. Compound ld was characterized by standard spectroscopic
methods. The metal-containing polymer [MTD]m[(NORPHOS)(CuCp)2]n was generated
by treating [MTD]m[NORPHOS]n with 2n equivalents lb in toluene under partial
vacuum (eq 7).
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A zPPh2
PPh2
+ CpCuL --- 2L + PPh2CuCp
la: L=PPh3; PPh2CuCp
lb: L=PMe 3; ld
1c: L=PEt3
1) 2n CpCuPMe 3 / tolueneCMe2Ph ) vacuum2) vacuum
CpCu
f·
CuCpt
,CMe2Ph
In order to ensure reproducible formation of films, a casting technique improved from
that used in previous studies was devised. 65-68 ,72-75 In the past, a polyethylene vial was
filled with a benzene solution of the polymer and the solvent allowed to evaporate in a
drybox over several days. However, this did not permit much control over the rate of
evaporation. A new technique was therefore developed. A constant flow of argon was
passed through the flask into a mercury bubbler, leading to formation of a brown film
over several days. A schematic diagram is shown in Figure 2.
Film Preparation
(7)
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to Hg bubbler
hP.in, j. nh I 't I
of the polymer
(<5 mL) in
polyethylene cup
from Ar cylinder
Figure 2. Polymer Film Casting with a Constant Gas Flow.
Spherical microdomains were obtained by blending MTD homopolymer with
[MTD]m[(NORPHOS)(CuCp)21n so that the metal-containing block would make up
about 10% of the total weight of the combined polymers. The addition of MTD
homopolymer allows the use of more soluble and more easily prepared shorter
[MTD]m[(NORPHOS)(CuCp)2]n. Moreover, it prevents the need to synthesize another
diblock copolymer with a different m:n ratio if the observed microphase morphology is
different from what was targeted. Table II lists the diameter of the microdomains, as
determined by transmission electron microscopy (TEM). The boundary of the domain is
not well defined, owing to low electron density differences (low contrast), accounting for
the observed standard deviations (<20%). The trend in domain size suggests, however,
that clusters of a specific size can be obtained, as has been previously observed. 65-68,72-75
Although this technique permitted microphase separation, substantial decomposition of
the copper precursor was also observed by TEM (Fig. 3). The dark dots represent
aggregates of the decomposed complex; the well-behaved phase-separated polymer 7b
appears in the background. Traces of oxygen and water introduced in the course of
casting the film are possibly responsible for the observed decomposition.
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Table II. CpCuL Films Prepared and Microdomain Size as Determined by TEM
Polymer Blending wt %a Film Domain Diameter
(nm)b
[MTD]300[(NORPHOS)(CuCp)]20 [MTD]300 8.4 7a 6.0
[MTD] 300[(NORPHOS)(CuCp)]40 [MTD] 300  13.2 7b 9.0
[MTD]300[(NORPHOS)(CuCp)o60 [MTD]200 10.0 7c 14.0
[MTD] 300[(NORPHOS)(CuCp)] 80 [MTD] 300  10.0 7d -c
aThe reported percentages refer to the weight fraction of the metal-containing block in the
film. b12 data points were collected from which the highest and lowest values were
truncated; standard deviations are lower than 20%. cLow resolution on the TEM did not
permit accurate measurements.
In order to minimize decomposition of the precursor while casting the film, a second
apparatus was designed (Fig. 4), in which the sample solution was placed in a
polyethylene cup and the solvent transferred to a trap cooled to -78 *C under a controlled
static vacuum (0.1 torr). Films produced by this technique showed very little
decomposition of the specimen as evidenced by the transmission electron micrograph of
7c (Fig. 5). All films used in pyrolysis studies were cast using this apparatus.
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74 000 X; 150 nm
4
400 000 X;
Figure 3. Transmission Electron Micrographs of Polymer Film 7b Cast with
Apparatus Shown in Fig. 2.
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Figure 4. Polymer Film Prepared by Transferring Solvent under Reduced Pressure.
Decomposition of [MTD] m[(NORPHOS)(CuCp)2]n/[MTD]m Films
Film 7b was pyrolyzed to decompose the Cu(I) species. From TEM analyses, however,
cluster formation was incomplete after heating [MTD] 300 [(NORPHOS)(CuCp) 2]40/
[MTD]300 films at 160 "C for 29 h in air (Fig. 6 (a)) or at 200 "C for 17 h under N2 (Fig.
6 (b)). As decomposition is expected to be both complete and irreversible under these
reaction conditions, cluster formation was most probably limited by the slow rate of
diffusion of the CuO atoms. Figures 6 (a) and 6 (b) both show signs of partial aggregation
of Cu o, evidenced by some spherical microdomains containing dark single or multiple
dots. Yet, many microdomains do not show any indication of aggregation. One possible
cause of a low diffusion rate is the stabilization of small clusters by the surrounding
phosphine atoms. Triphenylphosphine has indeed been shown to adsorb from solution
onto copper.90 Lyons et al. have reported passivation of copper nanoclusters by an even
weaker donor less coordinating pyridine side-group on a polymer chain.42 Displacement
of pyridine, as inferred from the appearance of broad peaks assigned to aggregated copper
in the X-ray diffraction pattern, was effected by pyrolysis at temperatures in excess of
250 "C, some 125 "C greater than the decomposition temperature of the precursor.
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400 000 X; 25 nm
Figure 5. Transmission Electron Micrographs of Polymer Film 7c Cast with
Apparatus shown in Fig. 4.
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360 000 X; 25 nm
300 000 X; 25 nm
Figure 6. Transmission Electron Micrographs of Film 7b Heated at (a) 160
"C for 29 h in Air; (b) 200 "C for 17 h under N 2.
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Preparation and Decomposition of [MTD]m[(NORPHOS)(Cu(hfac))2]n/[MTD]m
Films
MOCVD precursors of the type (hfac)CuL have been reported to deposit elemental
copper with greater purity than their CpCu-based predecessors. A new block copolymer
based on [MTD] m[(NORPHOS)(Cu(hfac))2]n was investigated for the synthesis of copper
nanoclusters. The Cu(hfac) moiety was introduced into both NORPHOS (eq 8) and
[MTD]m[NORPHOS]n (eq 9) by simple addition of (hfac)Cu(COD) to the phosphine-
containing compound. The equilibrium lay strongly to the right due to the better electron
donating capability of the phosphine. (NORPHOS)(Cu(hfac)) 2 2b was characterized by
conventional spectroscopic methods.
[MTD]3 00[(NORPHOS)(Cu(hfac)) 2140 was blended with homopolymer [MTD] 200 to
obtain a mixture with 9.9 wt % copper block. TEM analysis of the film (8) cast from this
indicates that this ratio affords spherical microphase separation (Fig. 7). Subsequent
thermolysis of the film at 170 "C under 0.1 torr for 18 h showed no aggregation of the
copper atoms by TEM (Fig. 8 (a)). It has been shown that (hfac)Cu(COD) deposits
copper with no Cu(hfac)2 disproportionation byproduct when CO/H2 is used as carrier
gas in CVD. 78 The [MTD]300[(NORPHOS)(Cu(hfac)) 2]40/[MTD] 20 0 film (8) was
therefore subjected to 30 psi hydrogen at 155 *C for 20 h. Again, TEM showed no
apparent formation of copper nanoclusters (Fig. 8 (b)). The conditions under which the
above films, both with a CpCu and a (hfac)Cu moiety, were treated should have led to
formation of copper nanoclusters given the decomposition temperatures of both model
complexes. As with the CpCu-containing polymers described above, aggregation of CuO
is probably impeded by the presence of phosphorus donors, which act as strong Lewis
bases. The preparation of a third metal precursor containing no such potentially
passivating base, and with a lower decomposition temperature, was investigated.
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240 000 X;
Figure 7. Transmission Electron Micrograph of Polymer Film 8.
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280 000 X; 50 nm
Figure 8. Transmission Electron Micrographs of Film 8 Heated at (a) 170 'C
for 18 h at 0.1 torr Reduced Pressure; (b) 155 TC for 20 h under H2(30 psi).
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•, PPh2Cu(hfac)
NORPHOS + 2 (hfac)Cu(COD) 2 COD + PPhCu (8)
PPh2Cu(hfac)
2b
P1 .P PPh.
+ 2n (hfac)Cu(COD)
,CMe2Ph
- 2n (COD)
(hfac)Cu Cu(hfac)
I I
,CMe2Ph (9)PhI
Attempted Synthesis of (T 2-alkyne)Cu(hfac)
A new copper(I) hexafluoroacetylacetonato complex with T12-2-butyne as ancillary ligand
has been reported. 84,91 Compound 3 deposited pure copper over the temperature range
120-200 "C according to equation 3; no potentially coordinating base is present. The
synthesis of norbornene with a pendent internal alkyne was therefore attempted. (5-
Norbonen-2-yl)propyne (11) was obtained from 5-norbornene-2-methanol via the
reaction sequence illustrated in equations 10 and 11. Other simpler nucleophilic
substitutions of propynyl lithium on either norbornene tosylate or iodide were not
successful. Unfortunately, addition of the copper precursor, (hfac)Cu(COD) to 11 did not
generate the expected (hfac)Cu(T12-2-alkyne) complex based on 1H NMR spectroscopy.
The olefinic proton resonances of the resulting complex were shifted upfield from those
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observed for alkyne 11, suggesting coordination of the copper center to the double bond.
In view of this result, ligand exchange between (hfac)Cu(COD) and
[MTD]m[NORPHOS]n was not attempted: coordination of the (hfac)Cu moiety to any
main-chain alkene in the same manner would lead to homogeneous dispersion of the
precursor throughout the matrix, preventing its confinement within a microdomain and
consequent control over cluster size.
CH20H 2) ]NEt 2 / DMSO CHO (10)
9
CH2CI2  9 A.PPh3 + CBr 4 + Zn 24 h [PPh3CBr 2] CH =CBr2
10
1) 2 n-BuLi (11)
2) Mel
SCE CMe
11
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CONCLUSIONS
The preparation of copper nanoclusters by decomposition of two different MOCVD
precursors embedded in microphase-separated ROMP polymers was investigated.
However, exposure of the films to conditions under which the precursors are known to
decompose did not lead to complete aggregation of the CuO atoms into clusters of narrow
size distribution. The phosphine hampers migration of the atoms by coordinating to the
surface of copper. Extended annealing of the films at higher temperatures seems required
for systems containing passivating agents in the microdomain. An attempt to prepare a
system free of coordinating bases has not been successful.
EXPERIMENTAL
General Considerations
Unless otherwise stated, all experiments were performed under a N2 atmosphere in a
Vacuum Atmospheres drybox or under an Ar atmosphere using standard Schlenk
techniques. Pentane was washed with H2S0 4:HNO 3 (95:5 v/v), NaHCO 3, and water,
stored over CaC12, and distilled from sodium benzophenone ketyl under N2. Reagent
grade C6H6, Et20, DME, THF, and toluene were distilled from sodium benzophenone
ketyl under N2. CH2Cl2 was distilled over CaH2 under N2. Polymerization grade toluene
was stored over Na/K alloy and passed through A120 3 prior to use.
All chemicals used were reagent grade and were purified by standard methods.
Mo(CHCMe2Ph)(N-2,6-C6H 3-i-Pr 2)(0- t-Bu) 2 , 9 2 3 racemic 2,3 -trans-
bis(diphenylphosphino)bicyclo[2.2.1 ]heptene (NORPHOS), 94 2,3-trans-
di(tosylmethyl)norborn-5-ene (4),95 (Tj5-C5H5)Cu(PR3) (la-c), 2'8 5 (hfac)Cu(COD) 96,97
were prepared as described in the literature. Methyltetracyclododecene (MTD) was
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supplied as a mixture of isomers by B.F. Goodrich and purified by distillation over
sodium.
HPLC grade THF was used in gel permeation chromatography (GPC) and distilled over
sodium under N2 prior to use. The solvent was passed through the columns with a Kratos
spectroflow 400 pump at a 1.0-mL/min flow rate. GPC was carried out using Waters
Ultrastyragel 10573 Shodex KF-802.5, 803, 804, 805, and 800P columns coupled with a
Viscotek differential refractometer and a Spectroflow 757 UV-Visible absorbance
detector on samples 0.1-0.3% (w/v) in THF which were filtered through a Millex-SR 0.5-
gm filter in order to remove particulates. The polymer solution was injected employing a
Rheodyne Model 7125 100-gL sample injector. GPC columns were calibrated versus
polystyrene standards (Polymer Laboratories Ltd) which ranged from Mp = 1260-
2.75 x 106. NMR data were obtained at 300 MHz ( 1H), 75.43 MHz (13C), and 121 MHz
(31p) on Varian XL and Unity spectrometers at room temperature. Spectra were reported
in parts per million downfield from tetramethylsilane for proton and carbon. 31P NMR
spectra were referenced to external P(OMe)3 (141.0 ppm relative to 85% H3PO4).
Transmission electron micrographs were taken in the bright-field mode on a JEOL
200CX intruments operating at 200 kV accelerating voltage. TEM samples were prepared
by microtoming a polymer film in air with an LKB Ultratome III model 8800 and
deposited onto a copper grid.
Experimental Procedures
2,3-trans-bis(diphenylphosphinomethyl)norborn-5-ene (5). PHPh2 (2.8 mL, 14 mmol)
was diluted with cold pentane (40 mL) in a round bottom flask. n-BuLi (8.8 mL, 1.84 M
in hexanes, 16 mmol) was slowly added and the solution was allowed to stir for 15 min.
The solution was filtered and the yellow solid, LiPPh2, was washed with cold pentane. A
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round bottom flask was charged with toluene (50 mL). 2,3-trans-Di(tosylmethyl)norbom-
5-ene (4) (3.14 g, 6.79 mmol) was dissolved and cooled to -40 *C. A solution of LiPPh2
(3.13 g, 16.8 mmol) in ether (7 mL) was added to the ditosylate over 30 min. Upon
addition, the solution turned dark brown. The reaction was stirred at room temperature for
18 h. The solution was filtered and the cake rinsed with toluene. The filtrate was
concentrated in vacuo and the yellow gel obtained was eluted on a 15-cm A120 3 column
with pentane. The first 250-mL fraction contained pure 2,3-trans-
bis(diphenylphosphinomethyl)norborn-5-ene (736 mg, 22%). Compound 5 was further
purified by recrystallization from pentane. 1H NMR (C6D6): 8 7.60 (m, 12H, PPh2), 7.08
(M, 8H, PPh2), 6.01 (dd, 1H, olefinic CH), 5.93 (dd, 1H, olefinic CH), 2.91 (bs, 1H,
bridgehead), 2.67 (bs, 1H, bridgehead), 2.38 (m, 2H), 2.11 (dd, 1H), 2.02 (bs, 1H), 1.85
(dd, 1H), 1.47 (d, 1H), 1.37 (s, 1H), 1.33 (s, 1H); 13C{ 1H) NMR (C6D6): 8 138.2
(olefinic, CH), 133.9 (olefinic, CH), 133.5, 133.4, 133.3, 133.2, 133.2, 133.0, 128.8,
128.7, 128.6 (C Ar), 48.8 (d, JHp = 10), 47.0 (d, JHp = 9), 46.2 (dd, JHp = 8), 45.8 (dd,
JHP = 8), 36.0 (d, JHp = 14), 34.6 (d, JHp = 12); 3 1p( 1H} NMR (C6D 6): 8 -18.97 (s);
Anal. calcd. for C33H22P2: C, 80.80%; H, 6.57%. Found: C, 80.25%; H, 6.74%; N,
0.07%.
Ring-Opening Metathesis Polymerization of 5. Mo(CHCMe2Ph)(N-2,6-C6H3-i-
Pr2)(O-t-Bu)2 (11 mg, 0.020 mmol) and 5 (26 mg, 0.053 mmol, 2.65 eq) were dissolved
in THF-d 8. A 1H NMR spectrum recorded 30 min after addition showed no evidence of
the initiator. New alkylidene complexes were formed (12.35 ppm, 12.58 ppm) but
monomer was still present in solution. In addition to the signal due to 5, the 31p{ 1H
NMR spectra showed resonances at 8 -22 (m), -20 (m), 23 (s), 34 (m). Unreacted
monomer was still present after 20 h.
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(NORPHOS)(CuCp)2, Id phosphine exchange study...
(i) ...with CpCuPPh3. NORPHOS (718 mg; 1.55 mmol) was dissolved in 40 mL Et 20.
CpCuPPh3 (la) (1.269 g; 3.246 mmol) in 50 mL was added to NORPHOS and stirred for
1 h. The solution was concentrated in vacuo to 10 mL. The supernatant was decanted off
and the residue washed with cold Et20. (NORPHOS)(CuCp)2 was obtained in good yield
(1.07 g; 96%). 1H NMR (CD 2Cl2): 8 7.65 (m, 4H, Ar), 7.49 (m, 4H, Ar), 7.40 (m, 6H,
Ar), 7.01 (m, 6H, Ar), 6.25 (dd, J = 3, J = 5, olefinic), 6.18 (s, 5H, Cp), 6.12 (s, 5H, Cp),
5.92 (dd, J = 3, J = 5, olefinic), 3.39 (m, 1H, methine), 2.87 (m, 1H, methine), 2.43 (bs,
1H, bridgehead), 2.35 (bs, 1H, bridgehead), 1.17 (bd, J = 3, 1H, (C(7)H), 1.14 (bd, J = 1,
1H, C(7)H); 13C{ 1H (CD2C12): 8 139.1 (olefinic CH), 135.1 (olefinic, CH), 134.2, 133.9,
133.7, 133.5, 133.4, 133.2, 130.8, 130.5, 129.1, 128.0, 128.8, 128.6, 128.4 (C Ar), 96.0,
95.9, 49.1, 48.2, 47.2, 42.3 (m); 3 1p( 1H} (CD2Cl2): 8 41.0 (s, wl2 = 750).
(ii) ...with CpCuPMe3. A solution of CpCuPMe3 (Ib) (357 mg; 1.74 mmol) in 25 mL
toluene was added dropwise to a solution of NORPHOS (400 mg; 0.865 mmol) in 15 mL
toluene. The solution was stirred for 15 min. The solvent was evaporated in vacuo to
yield (NORPHOS)(CuCp) 2 (612 mg; 98%) as indicated by 1H NMR spectroscopy.
(iii) ... with CpCuPEt 3 . A solution of CpCuPEt 3 (Ic) (15 mg; 0.061 mmol) and
NORPHOS (14 mg; 0.031 mmol) in 1.5 mL C6H6 was prepared. The solvent was
evaporated after 1 h. The residue was dried in vacuo. 1H NMR did not show evidence of
phosphine exchange.
(NORPHOS)[Cu(hfac) 2, 2b from...
(i) ... NORPHOS and Cu(COD)(hfac). (hfac)Cu(COD) (185 mg; 0.488 mmol) and
NORPHOS (113 mg; 0.244 mmol) were both dissolved in 2.5 mL C6H6 . The bright
yellow Cu(COD)(hfac) solution readily turned darker upon addition to NORPHOS. The
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solution was allowed to stir for 90 min and then evaporated to dryness. The resulting
yellow solid was obtained in 94% yield. 1H NMR (CDCl 3): 8 7.84 (m, 2H), 7.59 (m, 4H),
7.47 (m, 4H), 7.39 (s, 2H), 7.37 (s, 4H), 7.20 (m, 2H), 7.08 (t, 2H), 6.95 (t, 2H), 6.21 (s,
1H, olefinic CH), 6.18 (s, 1H, olefinic CH), 3.87 (m, 1H, methine), 3.20 (m, 1H,
methine), 2.89 (s, 1H, bridgehead), 2.70 (s, 1H, bridgehead), 1.64 (d, 1H, C(7)H), 1.29 (d,
1H, C(7)H); 1H NMR (C6D6): 8 7.82 (m, 2H), 7.56 (m, 8H), 7.15 (s, 2H), 7.06 (m, 2H),
6.90 (m, 6H), 6.69 (m, 2H), 6.34 (s, 1H, olefinic), 6.03 (s, 1H, olefinic), 3.83 (m, 1H,
methine), 3.24 (m, 1H, methine), 2.57 (d, 1H, bridgehead), 2.54 (d, 1H, bridgehead), 1.39
(d, 1H, methine), 0.93 (d, 1H, methine); 13C( 1H} NMR (C6D6): 8 177.8 (q, 2JCF = 34,
OC), 135.4, 134.2, 133.6, 133.4, 133.1, 131.3, 131.0, 130.9, 129.4, 129.2, 129.1, 129.0,
128.9, 118.6 (q, 1JCF = 288, CF3), 96.1, 89.8, 47.8 (b), 40.2 (b); 31P{ 1H} NMR (C6D6): 6
20.4 (s, w1/2 = 300 Hz).
(ii) ... (NORPHOS)(CuCp) 2 and hfacH. (NORPHOS)(Cu(hfac)) 2 could also be obtained
via another route, but in much lower yield and purity (as judged by 1H NMR
spectroscopy). (NORPHOS)(CuCp) 2 Id (50 mg; 0.069 mmol) was dissolved in 2 mL
CH2C12 to which hfacH (32 mg; 0.15 mmol) was then added. The colorless solution
immediately turned yellow. The solution was stirred for 1 h and evaporated. 1H and
31p { 1H NMR spectra showed evidence of substantial amount of starting material
remaining.
Polymerization. [MTD]m[NORPHOS]n was typically synthesized as follows. A solution
of Mo(CHCMe2Ph)(N-2,6-C6H 3-(i-Pr2))(O- t-Bu) 2 (6.2 mg/mL; 0.011 mmol) was rapidly
added to MTD (577 mg; 3.31 mmol; 301 eq). The total volume of toluene used was 19.24
mL. The solution was vigorously stirred for 90 min, after which 0.006 mmol (10.6 mL) of
the propagating species was transferred to another flask for addition of NORPHOS (54
mg; 0.12 mmol; 20 eq). After 2 h, excess benzaldehyde was added to both solutions,
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which were allowed to stir for an additional 30 min. The polymers were precipitated by
addition of the toluene solution to methanol. [MTD]301 and [MTD] 301[NORPHOS] 20
were obtained in 100% and 85% yield, respectively. [MTD] 301 was analyzed by GPC as
such (MwlMn = 1.02). GPC data for the diblock copolymer was obtained on the oxidized
[MTD] 301 [NORPHOS] 20 (MwIMn = 1.05).
Oxidation of [MTD]m [NORPHOS]n. [MTD] m[NORPHOS] n polymers were oxidized to
minimize polar interactions between [MTD]m[NORPHOS]n and the column packing
materials. The copolymer was typically stirred in the presence of excess m-
chloroperoxybenzoic acid in CH2C12:toluene for 3 h. The oxidized polymer was
precipitated by addition to methanol and centrifuged. The collected solid was then dried
in vacuo for GPC analysis. 31P{1H} NMR (C6D6) of [NORPHOS]16: 8 -1 (m, 1P), -15
(m, 1P); 3 1p1lH} NMR (C6D 6) of [NORPHOS-0 2] 16:8 34 (m, IP), 37 (m, 1P).
Film casting of...
(i) ... [MTD]m[(NORPHOS)(CuCp) 21n/[MTD]m' (7). [MTD] 300[NORPHOS] 60 (33 mg;
0.57 p.mol) was typically dissolved in ca. 2.5 mL C6H6 previously passed through A120 3.
A solution of CpCuPMe3 (ib) (10 mg; 68 jimol) in the minimum amount of C6H6 was
added and the mixture stirred under reduced pressure for 1 h. In order to promote
formation of a spherical copper-containing microphase, [MTD] 200 (141 mg; 5.54 pmol)
in 4 mL C6H6 was added to give 10.0% by weight of the NORPHOS block. The resulting
solution was placed in a polyethylene vial. The solvent was slowly transferred over 3-4
days under 0.1 torr reduced pressure (Fig. 1.4). The film thus obtained was dried under
high vacuum for TEM sample preparation.
(ii)... [MTD]m[(NORPHOS)(Cu(hfac)) 2]n/[MTD]m' (8 ). A solution of
[MTD] 300[NORPHOS] 40 (46 mg; 0.65 gpmol), [MTD] 200 (203 mg), and (hfac)Cu(COD)
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(20 mg; 53 gmol) in 20 mL C6H6 previously passed through A120 3 was prepared. The
solution was concentrated in vacuo to less than 5 mL and then transferred to a small
polyethylene vial. The solvent was slowly transferred over 3-4 days under 0.1 torr
reduced pressure (Fig. 1.4). The film thus obtained was dried under high vacuum for
TEM sample preparation.
Thermal Decomposition. Film 7b was heated to 160 "C for up to 29 h in air and to
200 "C for 17 h under N2. Film 8 was heated to 170 "C for 18 h under 0.1 torr reduced
pressure and to 155 "C for 20 h under 30 psi H2. After thermal treatment, the films were
microtomed in air without encapsulation. Attempts to microtome a sample of 7b heated at
160 "C for 4 d failed due to the brittleness of the film.
5-Norbornene-2-carboxaldehyde (9). A 250-mL round bottom flask was charged with
oxalyl chloride (2 M in CH 2C12; 16.9 mL; 33.8 mmol) and further diluted with 90 mL
CH2Cl 2. The solution was cooled to -60 "C. DMSO (4.80 mL; 67.6 mmol) in 15 mL
CH2Cl2 was added and the solution allowed to stir for 2 min. 5-Norbornene-2-methanol
(3.63 mL; 30.0 mmol) in CH2Cl 2 was then added. After 20 min, NEt 3 (22 mL; 160
mmol) was added. The solution was brought to room temperature 5 min later. Water (150
mL) was then added and the aldehyde extracted with 2 x 75 mL CH2C12. The combined
organic layers were washed with brine and dried over Na2SO4. The solvent was
evaporated under reduced pressure. Vacuum distillation of the residue afforded 1.32 g
(35%) of the desired product. 1H NMR (CDC13): 8 (endo isomer, 84%) 9.35 (d, J = 3,
1H, CHO), 6.15 (dd, J= 3, J = 6, 1H, olefinic), 5.93 (dd, J = 3, J= 6, 1H, olefinic), 3.18
(m, 1H, bridgehead), 2.92 (m, 1H, bridgehead), 2.82 (m, 1H, exo methine), 1.84 (ddd,
1H, exo CH 2 ), 1.42 (m, 2H, endo CH 2 and C(7)H), 1.26 (d, J = 8, 1H, C(7 )H),; (exo
isomer, 16%, partially assigned) 9.73 (d, J = 3, 1H, CHO), 6.07 (dd, 1H, olefinic), 3.05
(bs, 1H, bridgehead), 2.21 (m, 1H, exo CH 2); 13C{ 1H} NMR (C6D6): 8 (endo isomer)
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204.8 (CHO), 138.0, 131.7 (olefinic), 52.1, 49.5, 44.9, 42.6, 27.5; (exo isomer) 203.9
(CHO), 138.5, 135.2 (olefinic), 51.6, 45.7, 44.2, 41.7, 27.0.
1,1-Dibromo-2-(5-nobobornen-2-yl)ethene (10). A suspension of Zn dust (6.95 g; 106
mmol) and CBr4 (35.35 g; 106.6 mmol) in 350 mL CH2C12 was prepared. PPh3 (28.07 g;
107.0 mmol) in 150 mL CH2Cl 2 was added. The resulting solution turned pink after
stirring for 24 h. 5-Norbornene-2-carboxaldehyde 9 (6.18 g; 50.6 mmol) in CH2C12 was
then added and stirred for 2.5 h. The solution was then concentrated to 50 mL and 150
mL pentane was added. The solution was filtered and the residue was taken up in
CH 2C12 . Pentane was added and the previous step repeated two more times. The
combined filtrates were evaporated in vacuo to give 13.09 g (93%) of pure product. 1H
NMR (CDC13): 8 (endo isomer, 76%) 6.19 (dd, J= 3, J= 6, 1H, olefinic), 5.96 (d, J= 8,
1H, CHBr2), 5.95 (dd, J = 3, J = 6, 1H, olefinic), 2.83-2.95 (m, 3H, 2 bridgehead, exo
methine), 2.05 (ddd, 1H, exo CH2), 1.42 (d, J= 8, 1H, C(7)H), 1.26 (d, J = 8, 1H, C(7)H),
0.78 (ddd, 1H, endo CH2); (exo isomer, 24%, partially assigned) 6.36 (d, J = 9, 1H,
CHCBr2), 6.08 (m, 2H), 2.69 (bs, 1H, bridgehead), 2.22 (ddd, 1H, exo CH2); 13C{ 1H}
NMR (CDC13): 8 (endo isomer) 138.2, 132.6, 86.9, 49.4, 46.4, 42.6, 32.5; (exo isomer)
137.4, 135.7, 87.6, 47.4, 46.1, 42.2, 42.0.
(5-Norbornen-2-yl)propyne (11). n-BuLi (1.6 M in hexanes; 42 mL; 67.2 mmol) was
added to 1,1-dibromo-2-(5-norbornen-2-yl)-ethene 10 (9.01 g; 32.4 mmol) in 150 mL
THF at -78 *C. The resulting orange solution was brought to room temperature after 1 h
and stirred for an additional 1 h. The solution turned yellow upon addition of Mel (2.50
mL; 40.2 mL). The volatiles were evaporated in vacuo and the residue eluted on a SiO 2
column using cyclohexane. Yield: 3.26 g (76%). The corresponding terminal alkyne was
also isolated by simple hydrolysis of the lithium acetylide. 1H NMR (CDC13): 8 (endo
isomer, 82%) 6.20 (dd, J= 3, J= 6, 1H, olefinic), 6.07 (dd, J= 3, J= 6, 1H, olefinic), 2.95
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(bs, 1H, bridgehead), 2.83 (bs, 1H, bridgehead), 2.70 (m, 1H, exo methine), 2.01 (ddd,
1H, exo CH2), 1.71 (d, J = 3, 3H, Me), 1.34 (m, 1H, C(7)H), 1.13 (d, J = 8, 1H, C(7)H),
0.95 (ddd, 1H, endo CH2); (exo isomer, 18%, partially assigned) 6.02 (dd, J = 3, J = 6,
1H, olefinic), 5.98 (dd, J = 3, J = 6, 1H, olefinic), 2.83 (bs, 1H, bridgehead), 1.78 (d,
J = 3, 3H, Me); 1H NMR (C6D6): 8 (endo isomer, partially assigned) 6.24 (dd, 1H,
olefinic), 6.13 (dd, 1H, olefinic), 1.52 (d, 3H, Me); (exo isomer, partially assigned) 5.82
(m, 2H, olefinic), 1.59 (d, 3H, Me); 13C{ 1H} NMR (C6D6): 8 (endo isomer) 137.0, 133.4
(olefinic), 83.4, 73.9, 48.7, 47.2, 42.6, 34.7, 28.3; (exo isomer) 137.0, 135.2 (olefinic),
84.0, 75.0, 49.1, 46.6, 41.7, 34.7, 28.6, 26.7; IR (CDC13): 2260 cm- 1 (internal alkyne);
MS (EI) m/e 132 (M+), 117 (M+ - CH3).
Reaction of Cu(hfac)(COD) with (5-norbornen-2-yl)propyne. A solution of
Cu(hfac)(COD) (785 mg; 2.07 mmol) in 20 mL ether was added dropwise to a solution of
(5-norbornen-2-yl)propyne 11 (273 mg; 2.05 mmol) in Et20 (20 mL). The resulting
solution was stirred for 1 h. The volatiles were removed in vacuo. 1H NMR analysis of
the resulting product suggests coordination of the double bond of the norbornene entity,
as judged by the upfield shift of the olefinic signal. 1H NMR (C6D6): 8 (endo isomer,
partially assigned) 4.97 (dd, 1H, olefinic), 4.86 (dd, 1H, olefinic), 1.51 (d, 3H, Me); (exo
isomer, partially assigned) 4.70 (dd, 1H, olefinic), 4.64 (dd, 1H, olefinic), 1.61 (d, 3H,
Me).
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PART II
CHAPTER 5
Synthesis of Electroluminescence-
Active Species
INTRODUCTION
Electroluminescence (EL), a phenomenon much studied in the 1960s,1, 2 has regained
much attention from physical scientists and engineers since the report of the first
polymer-based light-emitting diode (LED) in 1990. 3 This new burst of interest was
triggered, in part, by the need of the computer industry for thin display devices with low
energy consumption. Laptop computers currently use liquid crystal technology which
blocks or reflects light coming from fluorescent tubes behind the liquid crystal layer.
However, the lifetime of the computer batteries greatly suffers from this inefficient use of
light. The entertainment industry could also benefit from an improved display device. The
working principle of cathode-ray tubes limits the development of large screens; minimal
image distortion can only be achieved by placing the cathodic gun far away from the
fluorophores, thereby increasing the size of the television set. Color displays bear an
additional challenge: because it is difficult to find materials that glow with the same
intensity, the resulting picture often looks unbalanced and unnatural.
The structure of LEDs is simple, consisting of a thin layer of an emitter sandwiched
between a hole-injecting electrode and an electron-donating electrode. Indium-tin oxide
(ITO) and a low work-function metal such as calcium are typically used as the electrodes.
Metals which require minimal energy input for an electron to escape the surface are
desirable if low voltages are to be used in the device. However, LEDs have evolved
towards multilayered devices with increased quantum yields. "9 A double heterostructure
device is depicted in Figure 1. Although the fundamental principles of
electroluminescence were elucidated some 30 years ago, little is yet known about the
requirements for a high efficiency device. 1,2
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Figure 1. Double Heterostructure Light-Emitting Diode.
Electroluminescence originates from the combination of oppositely charged radical
ions--electrons and holes-injected from the electrodes. The excited species thus
generated, referred to as an exciton, then decays to the ground state by emitting light. The
EL-efficiency of the device, QEL, may be expressed as a combination of three factors (eq
1): (i) OPL corresponds to the photoluminescence quantum yield of the emitting species;
(ii) OCT depends on the efficiency with which the material transports electrons and holes
through the device; and (iii) IEX indicates the ability of the radical ions to annihilate one
another to form the exciton. The exciton factor may be the most difficult to determine
because of its dependence on the nature and structure of the device.
EL = PL x c x ~Ex (1)
where OEL is the electroluminescence quantum yield;
OPL is the photoluminescence quantum yield;
'cT is the charge-transport factor;
and cEX is the exciton factor.
Inorganic materials have long been used in LEDs. However, blue light (22.5 eV, 460 nm)
cannot be produced to satisfactory standards. 10-12 Organic compounds, and especially
those bound to a polymer, show greater promise. First, the energy gap between the
highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular orbitals is
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easily altered by changing the extent of conjugation and the nature of the substituents.
Organic polymers can be tailored to cause luminescence at any point in the visible
region.3,13-18 Second, such materials can easily be deposited on a large area by
conventional polymer techniques, a significant manufacturing advantage. Moreover, the
device may be given any shape by deposition on flexible substrates. 19 Finally, the use of
polymers with a covalently-bonded EL-active species prevents segregation and
recrystallization that may lead to cell degradation. Such problems arise from
incompatibility between the polymer host and the guest, as commonly found with small
molecules dispersed in a polymer matrix.
Construction of LEDs with a wide range of emitters, hole and electron transport
materials, and electrodes may lead to significant improvements in the device. The
synthesis of monomers with EL-active moieties 2-(4-biphenylyl)-5-(para-tert-butyl-
phenyl)-1,3,4-oxadiazole (t-Bu-PBD), phenanthrene (PHEN), and para-terphenyl (PTP)
was therefore investigated. Ring-opening metathesis polymerization was attempted and
the results are herein reported. The potential use of the prepared materials in LEDs is
further discussed.
RESULTS AND DISCUSSION
Oxadiazoles as Emitting or Electron-Transport Material
Oxadiazoles, and especially 2-(4-biphenylyl)-5-(para-tert-butyl-phenyl)- 1,3,4-oxadiazole
(t-Bu-PBD), have been used extensively in LEDs, leading to increases in efficiency,
probably due to a concomitant increase in QcIT. 8'9 '20-26 Deposition of t-Bu-PBD on a
metal electrode has led to a tenfold improvement in the efficiency of devices. 21 Our group
has recently prepared a polymer with a derivatized para-phenylene vinylene (PPV) trimer
as a side-group (Fig. 2). The efficiency of the LED increased from 0.3% to 0.55% upon
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blending t-Bu-PBD with the emitting species prior to spin-coating the solution on the
electrode. 27 A monomer with a pendent t-Bu-PBD moiety was prepared in order to
exploit the benefits associated with blending the oxadiazole monomer as well as covalent
attachment of the EL-active species.
CMe 2Ph
M
Figure 2. ROMP Polymer with a para-Phenylene Vinylene (PPV) Trimer as a Side-
group.
The t-Bu-PBD-alcohol derivative 2 was isolated in high yield from a two-step reaction
from the parent oxadiazole (eq 2-3). Difficulties in the nucleophilic substitution on the
bromide 3 (eq 4) led to isolation of compound 4 in only 8% overall yield.
Mo(CHMe2Ph)(N-2,6-C6H 3-i-Pr 2)(O-t-Bu) 2 was used to polymerize 50 equivalents of 4
(eq 5), giving poly(4) in high yield. Analysis by gel permeation chromatography (GPC)
showed a unimodal molecular weight distribution (Mw/Mn = 1.12).
t-Bu O _- MeCOCI
_C ýýN = _N r • AICI3
t-Bu-PBD t-Bu _ O
1
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NaBH41 a t-BuO O H
N-N
2
2 1) NaH/DMFO
2 2 (CH 2 4cH 0(CH 2Br 2) 5
3 O
t-Buo9 
,
1) Mo(CHCMe 2Ph)(N-2,6-C6H3-(i-Pr)2)(O-t-Bu) 2 _ PhMe 2C
2) PhCHO
/--,% A 0 -
(4)
Ph
(5)
In order to increase the yield of a t-Bu-PBD-containing monomer, avenues to the primary
alcohol homologue 5 were investigated. Neither alcohol 5 (eq 6) nor the intermediate
carboxaldehyde 6 (eq 7) could be prepared by the methods illustrated below. Our group
has recently prepared compound 7 from the acid chloride derivative of t-Bu-PBD (Fig.
3).28
t-Bu-PBD HCHOX/ t-Bu O~ -CH 20H (6)HC1A-N- N
5
146Chapter 5
ii
I
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t-Bu-PBD C2CHOCH3V - -B - CHO
u-PB DtPBD-SnCI4  / N
6
&&ON > QQt-Bu
0 N-N
7
Figure 3. Recently Synthesized Norbornene with a Pendent t-Bu-PBD Moiety (7).28
The t-Bu-PBD moiety could also be attached to a norbornene-type monomer through a
thioether linkage. Monomer 10 was prepared in good yield from the reactions illustrated
in equations 8-10. Polymerization of 10 gave a polymer with a narrow molecular weight
distribution (Mw/Mn = 1.03), as determined by on-line light-scattering GPC.
t-Bu-PBD CISO 3H- t-Bu (O SO3H
N-N
8
8 PPh3 IP t-Bu -SH
9N-N
9
3
KOH / Alicuat 336
0\
(CH2) 5
t-Bu10 S
10
(10)
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In addition to providing a widely-used electron-transport material, 2-(4-biphenylyl)-5-
phenyl-1,3,4-oxadiazole (PBD) is a very efficient photoluminescent material. Its
emission-absorption spectrum (Fig. 4) shows minimal self-absorption and no absorption
of the desired emission wavelengths. Table I lists wavelengths in the visible region with
the corresponding color. Monomers 4, 7, 10, and their polymers emit violet-blue light
upon irradiation with a long-wavelength (366 nm) UV lamp. Unsubstituted PBD has been
reported to fluoresce with high quantum yield (cPL > 0.83), as indeed do most of its
derivatives. 29"31 Polymers prepared from monomers 4, 7, and 10 could therefore be used
either as an electron-transport layer or, less conventionally, as an emission layer.
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Figure 4.
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Emission-Absorption Spectrum of PBD in Cyclohexane (Adapted from the
"Handbook of Fluorescence Spectra of Aromatic Molecules" 32).
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Table I. Wavelengths of Emitted Light and the Corresponding Color
Wavelength of emitted light (nm)
400-430
430-480
480-490
490-510
510-530
530-570
570-580
580-600
600-680
680-750
Color
violet
blue
green-blue
blue-green
green
yellow-green
yellow
orange
red
purple
Hole- and Electron-Block Layers
The electrochemical instability of para-phenylene vinylene oligomers prompted the
investigation of a stable alternative. 33 Because electroluminescence involves a series of
reduction and oxidation steps, the species employed in LEDs should be stable in both
reduced and oxidized form. Our group has recently worked towards the synthesis of an
improved monomer (11) containing 9,10-diphenylanthracene (DPA) as an emitting
species.28,33
Figure 5. Recently Synthesized Norbornene with a Pendent DPA Moiety (11).28,33
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DPA exhibits a photoluminescence quantum yield (QPL) of 1.0 in cyclohexane. 32 Its
emission-absorption spectrum in cyclohexane, illustrated in Figure 6, shows minimal
self-absorption. Figure 7 shows the redox potentials of DPA in relation to 2,5-diphenyl-
1,3,4-oxadiazole (PPD), phenanthrene (PHEN), and para-terphenyl (PTP). The energy
gap between the HOMO and LUMO molecular orbitals of each species, as inferred from
the redox potentials, is smallest for DPA. While the HOMO-LUMO energy gap of the
emission layer dictates the color of the emitted light, the redox potentials of the hole- and
electron-transport layers likely play an important role in the quality of the device through
their effect on the 4 EX value.
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Figure 6. Emission-Absorption Spectrum of DPA in Cyclohexane (Adapted from the
"Handbook of Fluorescence Spectra of Aromatic Molecules" 32).
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PPD
PTP
PHEN
DPAI
reduction
-3 -2 -1
Voltage (V)
Figure 7. Electrochemical Potential of DPA, PPD, and PHEN (Electrochemistry in
Solution at 0.1 M TBAP in CH3CN at a Platinum Electrode vs. Ag Wire
Reference Electrode, Except for PTP which was Reduced in Propylene
Carbonate-O.1 M TBAP34).
An ideal double-heterostructure LED consists of the desired emission layer (in this case,
DPA) sandwiched between hole- and electron-transport layers which possess a higher
oxidation potential and a lower reduction potential than those of the emitter (Fig. 8).
Holes and electrons may therefore be trapped in the emission layer due to the high energy
barriers (greater QDEX value) associated with the oxidation of the electron-transport
material and the reduction of the hole-transport material, respectively; recombination of
charges in the emission layer may maximize radiative decay without energy transfer to
other material. Because the redox potentials of organic compounds are much more readily
accessible than the charge mobility associated with them, the HTL and ETL layers may
be more accurately referred to as hole- and electron-block layers (HBL and EBL),
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and para-terphenyl might be suitable charge-block materials. Their systematic study may
lead to a better understanding of LEDs and therefore to an improved device.
Phenanthrene as Charge-Block Layers
Phenanthrene and other fused aromatic rings have been used as emitters since the
1960s. 35 Considering the charge-block principles outlined above, we decided to prepare
polymers with pendent phenanthrene and para-terphenyl groups by ROMP. The
emission-absorption spectrum of PHEN (Fig. 9) again shows minimal self-absorption and
no absorption of the desired emitted wavelengths. Because of the low photoluminescence
quantum yield of PHEN (0pL = 0.13 in cyclohexane), its use as charge-block rather than
emitter may give more satisfactory results.
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Figure 9. Emission-Absorption Spectrum of PHEN in Cyclohexane (Adapted from the
"Handbook of Fluorescence Spectra of Aromatic Molecules" 32).
Compound 13 was generated from 9-phenanthrene-carboxaldehyde in a two-step reaction
(eq 11). Poly(13) showed a narrow unimodal molecular weight distribution, as judged by
GPC (MwlMn = 1.25). Compound 12 was chosen over the commercially available 9-
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phenanthrol because of its comparatively low visible light absorption. This is especially
important because absorption of visible light would cause partial absorption of the light
emitted by the device.
CHO CH20H (CH
NaBH 3 -- W (11)KOH / Aliquat 336
12
13
A new type of monomer which could potentially form a polymer with a higher glass
transition temperature (Tg) was devised. High Tg values are required for construction of a
device which can withstand the heat generated by processes of non-radiative decay.
Recrystallization is frequently observed under operating conditions; this and other
internal rearrangements of the materials can adversely affect the contact between the
organic material and the electrode. Synthesis of polymers with a high Tg may increase the
efficiency of LEDs by preventing such changes.
An endo-dicarboximide monomer (16endo) was prepared as illustrated in equation 12.
Polymerization using Mo(CHCMe2Ph)(N-2,6-C 6H 3-i-Pr 2)(O-t-Bu) 2  and
Mo(CHCMe2Ph)(N-2,6-C 6H3-Me2)(OMe(CF 3)2)2 initiators gave poor yields of
poly(16endo). However, the exo-isomer of a similar compound has already been
synthesized and polymerized by ROMP.36 Attempts to isolate 16exo from an exo- and
endo-mixture proved unsuccessful.
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CN NaBH 4 CH 2
CoC12 6H20
14
(12)
H'
endo
Since the reaction between N-methylmaleimide and furan can generate the exo-isomer,37
reaction between compound 17 and furan was attempted in the hope of isolating the pure
exo-adduct (eq 13). However, a 3.5:1 mixture of exo- and endo-isomers was obtained.
Furthermore, isomerization to a 1.6:1 mixture of exo- and endo-isomers was observed
upon stirring 18 in solution over 18 h. Attempts to purify 18 by column chromatography
on silica also led to isomerization. Polymerization of 18 was not performed because the
very different reactivity of the two isomers was expected to result in broad molecular
weight distributions.
0
0"7 
__18
O O0o
14 IBM+ (13)
17 18exo, endo
para-Terphenyl as Emitter- and Charge-Block Layers
Synthesis of a norbornene-type monomer containing a para-terphenyl (PTP) was also
investigated. PTP is of considerable interest as, unlike phenanthrene, it can be used as
155Chapter 5 RESULTS AND DISCUSSION
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emission and charge-block layers. The photoluminescence quantum yield of PTP in
cyclohexane is as high as 0.93, for emission of violet light. Increasing the number of
phenyl units decreases the energy gap between LUMO and HOMO, causing a shift to
longer wavelength in the emission band and poly(para-phenylene) has in fact been used
as a blue emitter. Figure 10 shows the emission-absorption spectrum of PTP in
cyclohexane. The secondary alcohol derivative 20 was isolated from PTP as indicated in
equations 14-15, but an attempt to perform nucleophilic substitution on norbornene
derivative 3 did not give satisfactory results. A new route to the monomer is currently
being investigated.28
S32000
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Figure 10. Emission-Absorption Spectrum of PTP in Cyclohexane (adapted from the
"Handbook of Fluorescence Spectra of Aromatic Molecules" 32).
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CONCLUSIONS
Monomers containing a potentially electroluminescent moiety have been synthesized. 2-
(4-Biphenylyl)-5-(para-tert-butyl-phenyl)-1,3,4-oxadiazole monomers 4 and 10 were
polymerized by ROMP. The resulting polymers could be used as an emitter or as a
charge-block material.
Other electrochemically stable materials such as phenanthrene could also be used as
charge-blocks. Poly(13) was prepared and should be used as a charge-block layer with a
promising emitter, such as DPA, to prepare LEDs. The endo-dicarboximide monomer
16endo was prepared, but no polymer could be isolated from its reaction with
conventional ROMP initiators. Attempts to isolate the pure exo-homologue 18 were not
successful, while polymerization of endo-exo mixtures was not performed.
The effect of the above polymers on the efficiency of light-emitting devices should be
investigated. The electroluminescence quantum yield should be analyzed with respect to
the electrochemical parameters of the device components. The combination of either
poly(4), poly(10), or poly(13) with the DPA-based polymer (poly(11)) is likely to
improve the efficiency of the LED by increasing either CQr or tEX values, or both.
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EXPERIMENTAL
General Considerations
Unless otherwise stated, all experiments were performed under a nitrogen atmosphere in
a Vacuum Atmospheres drybox or under an Ar atmosphere using standard Schlenk
techniques. Pentane was washed with H2SO4:HNO3 (95:5 v/v), NaHCO3, and water,
stored over CaC12, and distilled from sodium benzophenone ketyl under N2. Reagent
grade C6H6, Et20, DME, THF, and toluene were distilled from sodium benzophenone
ketyl under nitrogen. CH 2C12 was distilled over CaH2 under N2. Polymerization grade
toluene was stored over Na/K alloy and passed through A1203 prior to use.
All chemicals used were reagent grade and were purified by standard methods.
Mo(CHCMe2Ph)(N-2,6-C6H3-i-Pr2)(O-t-Bu)2, M o ( C H C M e2Ph)(N-2,6-C6H 3-
Me2)(OCMe(CF 3)2)2, 38 ,39 and 5-(5-norbornenylmethoxy)pentyl bromide 340 were
prepared as described in the literature. Methyltetracyclododecene (MTD) was supplied as
a mixture of isomers by B.F. Goodrich and purified by distillation over sodium.
HPLC grade THF was used in gel permeation chromatography (GPC) and distilled over
sodium under N2 prior to use. The solvent was passed through the columns with a Kratos
spectroflow 400 pump at a 1.0-mL/min flow rate. GPC was carried out using Waters
Ultrastyragel 10573 Shodex KF-802.5, 803, 804, 805, and 800P columns coupled with a
Viscotek differential refractometer and a Spectroflow 757 UV-Visible absorbance
detector on samples 0.1-0.3% (w/v) in THF which were filtered through a Millex-SR 0.5-
gm filter in order to remove particulates. The polymer solution was injected employing a
Rheodyne Model 7125 100-pL sample injector. GPC columns were calibrated versus
polystyrene standards (Polymer Laboratories Ltd) which ranged from Mp = 1260-
2.75 x 106. NMR data were obtained at 300 MHz (1H) and 75.43 MHz (13C) on Varian
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XL and Unity spectrometers at room temperature. Spectra were reported in parts per
million downfield from tetramethylsilane for proton and carbon.
Experimental Procedures
2-(4'-Acetylbiphenyl-4-yl)-5.(4-tert-butylphenyl)-1,3,4-oxadiazole (1). A 250-mL
three-neck round bottom flask was charged with AlC13 (17.88 g; 134.1 mmol) and 30 mL
CH2C12. Acetyl chloride (10.5 g; 139 mmol) was added dropwise and the slurry was
brought to reflux. t-Bu-PBD (4.00 g; 11.3 mmol) in 50 mL CH2C12 was slowly added
over 60 min and the solution was further refluxed for 5 h. The solution was transferred to
a 1-L flask containing 500 mL CH 2C12 and cooled to 0 "C. Water was carefully added.
The organic layer was washed with water, a saturated NaHCO 3 solution and brine. The
solvent was evaporated and the residue recrystallized from acetone. Yield: 2.89 g (65%).
1H NMR (CDC13): 8 8.23 (d, J = 8, 2H, Ar), 8.07 (d, J = 8, 2H, Ar), 8.06 (d, J = 8, 2H,
Ar), 8.79 (d, J = 8, 2H, Ar), 8.74 (d, J = 8, 2H, Ar), 7.55 (d, J = 8, 2H, Ar), 2.65 (s, 2H,
COMe), 1.37 (s, 9H, t-Bu).
2-(4'-(1-Hydroxyethyl)biphenyl-4-yl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (2). The
acetylated t-Bu-PBD 1 (2.52 g; 6.36 mmol) was dissolved in 150 mL C6H6:EtOH (2:1).
NaBH 4 (360 mg; 9.52 mmol) was added and the flask was capped with a CaC12 tube.
H2(g) evolved and the solution was stirred for 2 h. The product was extracted with THF.
The organic layer was washed with brine. The solvent was then distilled off.
Recrystallization of the solid from CH 2Cl 2 :EtOH yielded 2.21 g (87%) of pure 2.
1H NMR (CDC13): 8 8.18 (d, J = 9, 2H, Ar), 8.05 (d, J = 9, 2H, Ar), 7.74 (d, J = 8, 2H,
Ar), 7.63 (d, J = 9, 2H, Ar), 7.55 (d, J = 9, 2H, Ar), 7.48 (d, J = 8, Ar), 4.96 (dd, J = 7,
J = 13, 1H, CH), 1.54 (d, J = 7, 3 H, Me), 1.90 (bs, 1H, OH), 1.36 (s, 9H, t-Bu);
13C{ 1HJ NMR (C6D6): 8 164.5, 164.1 (NCOCN), 155.3, 146.1, 143.9, 138.5, 127.4
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(Cipso), 127.4, 127.2, 127.0, 126.7, 126.0, 125.9 (CH Ar), 122.4, 120.9 (C-( NCOCN)- C),
69.7 (CHMe), 35.0 (CMe 3), 31.0 (CMe3), 25.2 (CHMe).
5-(Norborn-5-ene-2-methoxy)(1-(4'-(5-tert-butylphenyl-1,3,4-oxadiazol-2-yl)-
biphenyl-4-yl)-1-methylmethoxy)pentane (4)
(i) A 250-mL round-bottom flask was charged with compound 2 (2.965 g; 7.440 mmol)
in DMF (80 mL). The solution was cooled to -30 "C and NaH (196 mg; 8.18 mmol) was
added by portions. The solution turned purple within 30 min and evolved to brown over
time. The solution was stirred at room temperature for 5.5 h. Compound 3 (4.062 g; 14.87
mmol) in 10 mL DMF was added at 0 *C and thereafter heated to 170 "C for 14 h. The
yellow solution was worked up with THF (3 x 50 mL), water (6 x 50 mL), brine, and
Na 2SO4. The solvent was distilled off and the residue was triturated with hexane. The
remaining solid was purified by SiO 2 chromatography with hexane:EtOAc (7:1). A
second SiO 2 column with CH2Cl2:hexane (9:1) was necessary to remove the dehydration
product, 2-(4'-vinylbiphenyl-4-yl)-5-phenyl-1,3,4-oxadiazole (290 mg; 10%). Yield:
441 mg (10%). 1H NMR (CDC13): 8 (endo isomer, 74%) 8.18 (d, J = 8, 2H), 8.07 (d,
J = 8, 2H), 7.75 (d, J= 8, 2H), 7.62 (d, J= 8, 2H), 7.55 (d, J= 8, 2H), 7.41 (d, J = 8), 6.08
(dd, 1H, olefinic), 5.89 (dd, 1H, olefinic), 4.43 (dd, 1H), 3.31 (m, 4H), 3.10 (m, 1H), 2.98
(m, 1H), 2.87 (bs, 1H, bridgehead), 2.78 (bs, 1H, bridgehead), 2.30 (m, 1H, exo CH),
1.79 (ddd, 1H, exo CH 2), 1.55 (m, 9H), 1.36 (s, 9H, t-Bu), 1.21 (m, 2H), 0.45 (ddd, 1H,
endo CH2); (exo isomer, partially assigned) 6.02 (dd, 1H, olefinic), 2.71 (bs, 1H,
bridgehead); 13C{ 1H} NMR (C6D6): 8 (endo isomer) 137.164.6, 164.3 (NCOCN),
155.3, 144.4, 144.1, 138.8, 137.0, 132.5 (Cipso and C olefin), 127.5, 127.3, 127.2, 126.8,
126.7, 126.0 (CH Ar), 122.7, 121.1 (C-(NCOCN)-C), 77.6 (CH2OCHMe), 74.5, 70.8
(OCH2), 68.7 (CHMe), 49.4, 44.0, 42.2, 38.8, 35.1 (CMe3), 31.1 (CMe3), 29.8, 29.5,
29.1, 24.1, 22.9; 13C{ 1H NMR (C6D6): 5 (exo isomer, partially assigned) 136.6, 75.5,
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70.9, 45.0, 43.7, 41.5, 38.8. Under the reaction conditions, dehydration of compound 3
was also observed (ca. 10%). The spectroscopic evidence follows. Dehydration can be
minimized by reducing the reaction time to 3 h. 1H NMR (CDC13): 8 8.19 (d, J = 8, 2H,
Ar), 8.07 (d, J= 8, 2H, Ar), 7.76 (d, J= 8, 2H, Ar), 7.63 (d, J = 8, 2H, Ar), 7.55 (d, J = 8,
2H, Ar), 7.51 (d, J= 8, 2H, Ar), 6.76 (dd, 3JHH(trans) = 18, 3JHH(cis) = 10, 1H, CHCH 2),
5.82 (d, 3JHH(trans) = 18, 1H, CHCH 2), 5.30 (d, 3JHH(trans) = 10, 1H, CHCH2), 1.37
(CMe3); 13C{ 1H) NMR (C6D6): 8 164.7, 164.2 (NCOCN), 155.3, 144.0, 139.1, 137.5
(Cipso), 136.2 (CHCH 2), 127.4, 127.3, 127.2, 126.8, 126.7, 126.0 (CH Ar), 122.8, 121.1
(C-(NCOCN)-C), 114.5 (CHCH 2), 35.1 (CMe3), 31.1 (CMe3).
(ii) KOH powder (45 mg; 0.80 mmol) was placed in 2 mL DMSO. Alcohol 2 (75 mg;
0.19 mmol) was added after 5 min and 3 (106 mg; 0.388 mmol). The yellow solution was
worked up after 1 h with CH2Cl 2 (3 x 15 mL), water (5 x 15 mL), brine, and dried over
Na2SO4. 1H NMR showed evidence of the desired product but poor yield.
(iii) A round bottom flask was charged with KH (120 mg; 2.99 mmol) and 10 mL THF.
Alcohol 2 (998 mg; 2.50 mmol) in 15 mL THF was slowly added at -40 "C upon which
the solution turned olive green. The solution was stirred for 2.5 h. Addition of 3 (713 mg;
2.61 mmol) in 7 mL THF produced a brownish solution with some precipitation. Water
was added after 7.5 h. The product was extracted with THF, washed with brine, and dried
over Na2SO4. The solvent was evaporated in vacuo. 1H NMR did not show evidence of
good yield. Elution of the crude product by gas chromatography showed the presence of
two low boiling point products in 49.2% and 9.0% compared with 41.8% of the unreacted
bromide.
(iv) KH (43 mg; 1.1 mmol) was added over 10 min to 2 (336 mg; 0.843 mmol) dissolved
in 25 mL THF. Compound 3 (238 mg; 0.871 mmol) in 2 mL THF was added over 5 min
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and heated under reflux for 21 h. Similar results to (iii) were obtained with the apparently
same low boiling point species present in 37.0% and 53.8% compared with 9.1% for the
unreacted bromide.
Polymerization of compound 4. A solution of 4 (131 mg; 222 gmol) in 8 mL toluene
was quickly added under vigorous stirring to Mo(CHCMe 2Ph)(N-2,6-C6H3-i-Pr 2)(O-t-
Bu)2 (2.0 mM in toluene; 2.22 mL; 4.4 imol). Excess benzaldehyde was added after 3 h
and allowed to stir for an additional 4 h. The polymer was precipitated from methanol
twice and centrifuged to yield 101 mg (76%) of white polymer. Mw/Mn = 1.12; Mw(obsd)
= 36 230, Mw(calcd) = 29 750.
Attempted Synthesis of 2-(4'-(1-Hydroxymethyl)biphenyl-4-yl).-5(4-tert-
butylphenyl)-1,3,4-oxadiazole (5). t-Bu-PBD (2.8 g; 7.9 mmol) was dissolved in 30 mL
1,4-dioxane and formaldehyde (37% wt in water; 2.2 mL; 29 mmol) was added. The
solution was heated to 50 "C and saturated with HCI(g). The solution turned yellow
within 2 h. The solution was stirred at room temperature for 20 h and then poured over
100 mL ice. The precipitate was filtered and taken up in CH 2C12. The solution was dried
over Na2SO 4 and the volatile removed in vacuo. The 1H NMR spectrum showed no
evidence for the formation of the desired compound.
Attempted Synthesis of 2-(4'-(1-Formyl)biphenyl.4-yl).-5(4-tert-butylphenyl)-1,3,4-
oxadiazole (6). a ,a-Dichloromethyl methyl ether (0.83 mL; 9.2 mmol) was added
dropwise to a solution of SnC14 (1.65 mL; 14.1 mmol) in 20 mL CH 2C12 at -7 *C. A
solution of t-Bu-PBD (503 mg; 1.42 mmol) in 15 mL CH 2C12 was added over 45 min and
heated under reflux conditions for 2 h. The resulting red-orange solution was cooled and
added to an ice-water bath. The solution did not turn green as expected from similar
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substrate previously reported.41 The usual organic work-up did not yield the expected
carboxaldehyde.
4-(5-(4-tert-Butylphenyl)-1,3,4-oxadiazole-2-yl)-biphenyl-4'-yl Sulfonic Acid (8).
C1SO 3H (8 mL) was carefully added to t-Bu-PBD (2.17 g; 6.12 mmol) in 20 mL CH 2C12
at 0 *C. The solution was then refluxed for 2 h after which the product was precipitated
from ice. 1H NMR spectroscopy showed quantitative yield of compound 8. Further
purification of the product can be performed by recrystallization from dioxane and water.
The anhydrous product can be obtained from azeotropic distillation of a benzene solution.
1H NMR (CDC13): 8 8.27 (d, J = 8, 2H, Ar), 8.14 (d, J = 8, 2H, Ar), 8.08 (d, J = 8, 2H,
Ar), 7.87 (d, J = 8, 2H, Ar), 7.78 (d, J = 8, 2H, Ar), 7.56 (d, J = 8, 2H, Ar), 1.37 (CMe3);
13C( 1H} NMR (C6D6): 8 165.0, 165.8 (NCOCN), 155.6, 146.8, 143.6, 141.5, 128.3,
128.1, 127.7, 127.6, 126.8, 126.1, 125.5 (C Ar), 124.6, 120.9 (C-(NCOCN)-C), 35.1
(CMe 3), 31.1 (CMe3).
4-(5-(4-tert-Butylphenyl)-1,3,4-oxadiazole-2-yl)-biphenyl-4'-thiol (9). Anhydrous 8
(869 mg; 2.00 mmol) was dissolved in 20 mL THF. A solution of PPh3 (2.10 g; 8.00
mmol) and 12 (258 mg; 1.02 mmol) in 20 mL THF was added dropwise. N-n-Bu 3
(0.5 mL; 2 mmol) was thereafter added. The resulting solution was brought to reflux and
readily turned mustard yellow-orange with the precipitation of solid material. 1,4-
Dioxane (6 mL) in water (3 mL) was carefully added after 1 h. The solution turned white
and the solid became soluble. The mixture was further refluxed for 1 h. The organic layer
was washed with water (3 x 40 mL), brine, and dried over Na 2SO4. Compound 9 was
obtained in quantitative yield based on 1H NMR spectroscopy. The product was eluted on
a SiO 2 column chromatography using hexane:EtOAc (6:1) as eluent. 1H NMR (CDC13):
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8 8.16 (d, J = 8, 2H, Ar), 8.05 (d, J = 8, 2H, Ar), 7.68 (d, J = 8, 2H, Ar), 7.54 (d, J = 8,
2H, Ar), 7.50 (d, J = 8, 2H, Ar), 7.34 (d, J= 8, 2H, Ar), 3.52 (s, SH), 1.35 (s, CMe3).
5-(Norborn-5-ene-2-methoxy)(1-(4'-(5-tert-butylphenyl-1,3,4-oxadiazol-2-
yl)biphenyl-4-thio)pentane (10). Compound 9 (0.34 g; 0.88 mmol) and KOH (148 mg;
2.64 mmol) were pulverized and added to a solution of Aliquat 336 (0.5 g; 1 jimol) in
5 mL toluene at 60 "C. The bright yellow solution was stirred for 5 min and NBEC5-Br
(273 mg; 1.00 mmol) was then added. The solution turned paler upon heating to 90-95 "C
for 90 min. The usual organic work-up was performed. The crude product was passed
through a SiO 2 column with hexane:EtOAc (7:1) as eluent to yield 270 mg (53%) of pure
monomer. 1H NMR (CDCl 3): 8 8.17 (d, J = 8, 2H), 8.06 (d, J = 8, 2H), 7.71 (d, J = 8,
2H), 7.56 (d, J = 8, 2H), 7.53 (d, J = 9, 2H), 7.38 (d, J = 8), 6.09 (dd, 1H, olefinic), 5.90
(dd, 1H, olefinic), 4.43 (dd, 1H), 3.31 (m, 4H), 3.10 (m, 1H), 2.98 (m, 1H), 2.87 (bs, 1H,
bridgehead), 2.78 (bs, 1H, bridgehead), 2.30 (m, 1H, exo CH), 1.79 (m, 1H), 1.55 (m,
9H), 1.36 (s, 9H, t-Bu), 1.21 (m, 2H), 0.45 (ddd, 1H, endo CH2); 13C{ 1H} NMR (C6D6):
8 (endo isomer) 164.6, 164.3 (NCOCN), 155.3, 144.4, 144.1, 138.8, 137.0, 132.5 (Cipso
and C olefin), 127.5, 127.3, 127.2, 126.8, 126.7, 126.0 (CH Ar), 122.7, 121.1
(C-(NCOCN)-C), 74.6 (OCH2CH), 70.6 (OCH 2CH), 49.4, 43.9, 42.2, 38.8, 35.1
(CMe 3), 33.2, 31.1 (CMe3), 29.2, 29.1, 28.9, 25.5; 13C{ 1H) NMR (C6D6): 8 (exo isomer,
partially assigned) 136.6, 75.6, 45.0, 43.7, 41.5, 38.8, 29.7.
Polymerization of monomer 10. A solution of 10 (111 mg; 192 jmol; 48 equiv) in 8 mL
toluene was quickly added under vigorous stirring to Mo(CHCMe 2Ph)(N-2,6-C 6H3-i-
Pr2)(O-CMe(CF 3)2)2 (3 mg; 4 pmol). Excess benzaldehyde was added after 4.5 h and
allowed to stir for an additional 12 h. The polymer was precipitated from hexanes and
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centrifuged to yield 126 mg (>100%) of white polymer. M,/M, = 1.03; Mw(calcd) =
27 990; Mw(obsd) = 88 080.
Phenanthrene-9-methanol (12). A 250-mL round-bottom flask was charged with
phenanthrene-9-carboxaldehyde (1.20 g; 5.82 mmol) and 100 mL C6H6:EtOH (1:1).
NaBH4 (320 mg; 8.47 mmol) was added. H2(g) evolved upon addition and the solution
was stirred at room temperature for 5 h. Water was added and the product extracted with
benzene to yield 1.178 g (97%) of pure product. Recrystallization can be performed from
CH2Cl2:hexane to afford glass-wool like white crystals. 1H NMR (CDC13): 8 8.73 (d,
J= 9, 1H, Ar), 8.66 (d, J = 8, 1H, Ar), 8.16 (d, J = 9, 1H, Ar), 7.88 (d, J = 8, 1H, Ar),
7.79 (s, 1H, Ar), 7.61 (m, 4H, Ar), 5.21 (d, J = 5, 2H, CH), 1.77 (d, J = 6, 1H, OH);
13C{ IH} NMR (CDCI3): 8 134.5, 113.0, 128.7, 128.2, 127.0, 125.3, 125.2, 125.0, 123.2,
122.8, 121.6, 121.0 (C Ar), 60.6 (CH 2); MS (EI) m/e 209.00 (M+), 192.00 (M+ - OH),
178.10 (M+ - CH 20H).
1-(Norborn-5-ene-2-methoxy)-5-(phenanthrene-9-methoxy)pentane (13). Compound
12 (615 mg; 2.95 mmol) and KOH (228 mg; 4.06 mmol) were finely ground up. Aliquat
336 (78 mg; 0.19 mmol) in 2 mL C6H6 was added and the slurry was stirred at 75 *C for
10 min. Compound 3 (863 mg; 3.16 mmol) in 8 mL C6H6 was added and the solution
stirred for an additional 2 h at 75 "C. Usual organic work-up and SiO 2 column with
hexane:EtOAc (20:1) as eluent led to 0.96 g (81%) of 12. IH NMR (CDCl 3): 8 (endo
isomer, 90%) 8.71 (m, 1H, Ar), 8.66 (d, J = 8, 1H, Ar), 8.19 (m, 1H, Ar), 7.89 (d, J = 8,
1H, Ar), 7.77 (s, 1H, CH2CCH), 7.58-7.69 (m, 4H, Ar), 6.15 (dd, 1H, olefinic CH), 5.96
(dd, 1H, olefinic CH) 4.99 (s, 2H, OCH 2PHEN), 3.61 (t, J= 6, 2H, OCH 2), 3.37 (m, 2H),
3.14 (dd, 1H), 3.01 (t, J = 9, 1H), 2.94 (bs, 1H, bridgehead), 2.81 (bs, 1H, bridgehead),
2.56 (m, 1H, exo CH), 1.83 (ddd, IH, exo CH2), 1.74 (m, 2H, CH 2), 1.60 (m, 2H, CH 2),
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1.47 (m, 2H, CH 2), 1.28 (m, 2H, CH2), 0.49 (ddd, 1H, endo CH 2); (exo isomer, 10%,
partially assigned) 6.08 (dd, 1H, olefinic CH), 2.77 (bs, 1H, bridgehead); 13C{ 1H} NMR
(CDCl3): 8 (endo isomer) 136.9, 132.4, 132.2, 131.3, 130.6, 130.4, 128.5, 126.8, 126.5,
126.3, 124.6, 122.9, 122.4 (C Ar and olefin), 74.4, 71.7, 70.7, 70.3, 49.3, 43.9, 42.1, 38.7,
29., 29.4, 29.1, 22.8; (exo isomer, partially assigned) 136.5, 75.4, 70.8, 44.9, 43.6, 41.4,
29.6.
Polymerization of Compound 13. Monomer 13 (92 mg; 0.23 mmol; 52 equiv) in 7 mL
toluene was added all at once to a rapidly stirred solution of Mo(CHCMe 2Ph)(N-2,6-
C6H3-i-Pr 2)(O-t-Bu) 2 (2.0 mM in toluene; 2.2 mL; 4.4 pmol). Excess benzaldehyde was
added after 90 min. The solution was allowed to stir for 17 h. The polymer was isolated
by precipitation from methanol (88 mg; 95%). Mw/Mn = 1.25; Mw(obsd) = 49 180;
M,(calcd) = 21 040.
(9-Phenanthrylmethyl)amine (14). 9-Cyanophenanthrene (5.08 g; 25.0 mmol) and
CoC12* 6 H20 (11.9 g; 51.3 mmol) were dissolved in 200 mL MeOH:EtOH (3:1).
NaBH 4 (9.5 g; 25 mmol) was added to the purple solution over 45 min at 15 "C. H2(g)
evolved and the solution turned black. The solution was stirred fro 80 min. Aqueous HCI
acid (3 M; 50 mL) was then added and the solution allowed to stir for 1 h. The solvent
was evaporated in vacuo. The residue was washed several times with Et20 and then
dissolved in MeOH. NH40H was added until pH 9.1 was obtained. The product was
extracted with Et 20. The combined organic layers were dried over Na2SO4. The product
can be recrystallized from CH2C12:hexane to afford pure product. Yield: 4.60 g (89%).
1H NMR (CDC13): 8 8.73 (d, J = 8, 1H, Ar), 8.64 (d, J = 8, 1H, Ar), 8.09 (d, J = 8, 1H,
Ar), 7.85 (d, J = 8, 1H, Ar), 7.71 (s, 1H, CH 2CCH), 7.54-7.68 (m, 4H, Ar), 4.35 (s, 2H,
CH2), 1.64 (bs, 2H, NH 2).
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cis-5-Norbornene-endo-2,3-dicarboximide (16 endo). cis-5-Norbornene-endo-2,3-
dicarboxylic anhydride (1.08 g; 6.55 mmol) and amine 14 (1.36 g; 6.55 mmol) were
dissolved in 10 mL and 6 mL glacial CH 3CO 2H, separately. The amine was added to the
anhydride and the solution heated under reflux conditions for 3.5 h. The solution was
slowly cooled down to room temperature and water (16 mL) was added. The solid was
filtered and recrystallized from CH 3CO 2H:H 20 (1:1) to give 2.29 g (99%) of pure
dicarboximide. 1H NMR (CDCl 3): 8 8.69 (d, J = 9, 1H, Ar), 8.62 (d, J= 9, 1H, Ar), 8.20
(d, J = 9, 1H, Ar), 7.83 (d, J = 8, 1H, Ar), 7.72 (s, 1H, CH2CH), 7.52-7.64 (m, 4H, Ar),
5.95 (d, J = 2, 2H, olefinic), 5.00 (s, 2H, NCH 2), 3.38 (d, J = 2, 2H, C(1/4)H), 3.30 (d,
J= 2, 2H, C(5/6)H), 1.70 (dt, J= 9, J = 2, 1H, C(7)H), 1.52 (dt, J= 9, J = 2, 1H, C(7)H);
13C{ 1H} NMR (CDCl 3): 8 134.6, 128.6, 128.4, 126.8, 126.4, 124.3, 123.1, 122.4, 52.2,
45.9, 45.0, 40.5.
Polymerizations of Monomer 16 endo. A solution of compound 16endo (90 mg; 0.25
mmol; 50 equiv) in 7 mL toluene was added all at once to a rapidly stirred solution of
Mo(CHCMe2Ph)(N-2,6-C6H 3-i-Pr 2)(O-t-Bu) 2 (2.0 mM in toluene; 2.2 mL; 4.4 pmol).
Excess benzaldehyde was added after 90 min. The solution was allowed to stir for 17 h.
The polymer was isolated by precipitation from methanol (10 mg; 11%). MwlMn = 1.09;
Mw(calcd) = 17 870, Mw(obsd) = 5 983. Similarly, polymerization of 16endo with
Mo(CHCMe2Ph)(N-2,6-C 6H3-Me2)(OCMe(CF 3)2) was attempted. The polymer was
isolated by precipitation from pentane (67%). Analysis by light-scattering GPC suggested
the presence of very low molecular weight polymers.
N-(9-Phenanthryl)maleimide (17). Maleic anhydride (645 mg; 6.58 mmol) and
compound 14 (1.36 g; 6.55 mmol) were dissolved in 10 mL and 6 mL glacial CH3CO 2H,
separately. The combined solution was refluxed for 2.5 h and precipitated from water.
The product was isolated by centrifugation. Recrystallization from CH 3CO2H:H 20 (1:1)
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as well as SiO 2 column chromatography (EtOAc:hexane, 1:7) was performed. The
maleimide was isolated in 24% yield (0.45 g). 1H NMR (CDC13): 8 8.71 (m, 1H, Ar),
8.63 (d, J = 8, 1H, Ar), 8.25 (m, 1H, Ar), 7.84 (dd, 1H, Ar), 7.53-7.69 (m, 5H, Ar), 6.73
(s, 2H, olefinic), 5.18 (s, 2H, CH2); 13C{ 1H) NMR (CDC13): 8 170.4 (C=O), 134.2 (C
olefinic), 131.0, 130.6, 130.2, 129.8, 129.2, 128.6, 127.7, 126.8, 126.7, 126.6, 126.5,
123.7, 123.2, 122.4 (C Ar), 39.9 (CH2).
cis-N-(9-Phenanthrylmethyl)-7-oxabicyclo[2.2.1]hept.5.ene-2,3-dicarboximide (18).
Maleimide 17 (380 mg; 1.32 mmol) was dissolved in 20 mL CH 3CN. Furan (35 mL;
0.48 mol) was added and the solution stirred at room temperature for 20 h. The solvents
were removed in vacuo. 1H NMR spectroscopy showed the formation of both endo- and
exo-isomers in a 1:3.5 ratio. Redissolving the product in acetonitrile and letting it stir
overnight at room temperature led to a shift in equilibrium with an 1:1.6 endo:exo ratio.
An attempt to separate the isomers by Si20 column was unsuccessful due to the retro-
Diels-Alder reaction that the product underwent upon elution. 1H NMR (CDC13):
8 (major isomer, endo) 8.70 (d, 1H, Ar), 8.62 (d, 1H, Ar), 8.17 (d, 1H, Ar), 7.84 (d, 1H,
Ar), 7.74 (s, 1H, Ar), 7.50-7.70 (m, 4H, Ar), 6.08 (s, 2H, olefinic), 5.27 (d, J = 4, 2H,
CHO), 4.98 (s, 2H, CH2), 3.53 (d, J = 4, 2H, CH(C=O)); (minor isomer, exo, partially
assigned) 7.80 (d, 1H, Ar), 6.55 (s, 2H, olefinic), 5.39 (d, J = 4, 2H, CHO), 5.16 (s, 2H,
CH2), 2.94 (d, J= 4, 2H, CH(C=O))
para -Acetylterphenyl (19). MeCOCI (173 mg; 2.28 mmol) in 5 mL CH2Cl 2 was added
to a slurry of AIC13 (314 mg; 2.35 mmol) in 30 mL CH 2Cl 2 at -40 *C. The solution
readily turned yellow upon addition of PTP (500 mg; 2.17 mmol). The solution was
heated under reflux for 3 h and then cooled to 0 *C. Water was carefully added and the
product extracted with CH2Cl2. The organic layer was washed with water, a saturated
sodium NaHCO 3, and brine. The solvent was removed under reduced pressure.
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Recrystallization of the residue from hexane:CH 2Cl2 afforded 237 mg (40%) of pure
product. 1H NMR (CDCl3): 8 8.04 (d, J = 8, 2H), 7.73 (d, J = 6, 2H), 7.70 (s, 4H), 7.63
(d, J= 7, 2H), 7.46 (dd, J= 8, 8, 2H), 7.36 (t, J= 7, 1H), 2.63 (s, 3H, CH3).
para-(1-Hydroxyethyl)terphenyl (20). Compound 19 (237 mg; 870 mmol) was
dissolved in THF at 50 *C and NaBH4 (66 mg; 1.74 mmol) was added. The flask was
capped with a CaC12 tube and stirred for 3 h. Compound 20 precipitated upon addition of
water. The mixture was filtered and 96 mg (40%) of product was recovered. 8.03 (d,
J= 8, 2H), 7.72 (d, J = 8, 2H), 7.63 (d, J = 8, 2H), 7.46 (d, J = 8, 2H), 7.45 (m, 3H), 7.35
(m, 2H) 4.96 (m, 1H, CH), 1.83 (bs, 1H, OH), 1.54 (d, J = 7, Me).
1-(Norborn-5-ene-2-methoxy)-5-[(para-terphenyl-4-yl)methylmethoxy] pentane.
Sodium hydride (10 mg; 0.42 mmol) was added to a slurry of the 20 (96 mg; 0.35 mmol)
in 30 mL DMF. The solution became clear orange and compound 3 (194 mg;
0.710 mmol) was added after 6 h at 0 *C. The solution was heated under reflux for 3 h.
The product was extracted with THF and washed with water several times. The organic
layer was dried over Na2SO4 and the solvent was distilled off. The reaction however only
gave poor yields of the desired product.
Attempted Syntheses para-Formylterphenyl
(i) A 250-mL flask was charged with TiC14*2 THF (3.467 g; 10.38 mmol) in 80 mL
THF:CH 2CI2 (3:1). a,a-Dichloromethyl methyl ether (0.611 mL; 6.76 mmol) was added
at -5 "C. para-Terphenyl (1.197 g; 5.197 mmol) was immediately added by portion over
45 min. The solution was brought to room temperature and reflux overnight. No change
in color was observed and 1H NMR indicated no reaction.
(ii) SnC14 (0.52 mL; 2.8 mmol) was added to 20 mL CH2Cl 2 at -7 *C, followed by the
rapid dropwise addition of a,a-dichloromethyl methyl ether (311 mg; 2.71 mmol) in
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8 mL CH 2C12. The solution was stirred for 1 h and solid PTP (500 mg; 2.17 mmol) was
added. After 45 min, the orange solution was brought to room temperature and further
heated under reflux for 2.5 h. A very dark red solution resulted. Water was added to the
cooled solution. Extractions with CH2Cl 2 were performed until a colorless aqueous layer
was obtained. The combined organic layers were thereafter washed with aqueous HCI
acid (3 M, 200 mL) and water. The solvent was distilled off. The residue was identified as
para-terphenyl by 1H NMR.
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